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SECTION I 

I NTRO DUCT I O N  

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  t h e  f i r s t  phase of  a s t u d y  

aimed a t  r educ ing  t o  p r a c t i c e  t h e  use o f  g i a n t  a p e r t u r e  t e l e s c o p e s  a s  ground 

receivers f o r  s p a c e c r a f t  communications. 

The r e p o r t  c o n s i d e r s  two b a s i c  h i g h  d a t a  r a t e  communication s y s -  

tems;  one u t i l i z i n g  i n t e n s i t y  de tec t ion , .  t h e  o t h e r  u t i l i z i n g  cohe ren t  o r  

h e t e r o d y n e  d e t e c t  i o n .  

I .  

It i s  u n l i k e l y  t h a t  a s i n g l e  ground r e c e i v e r ,  even w i t h  i:iinor 

m o d i f i c a t i o n s ,  w i l l  be  s u i t a b l e  f o r  u s e  w i t h  b o t h  t echn iques ,  because  t h e  

l a r g e r  a p e r t u r e  r e q u i r e d  f o r  i n t e n s i t y  d e t e c t i o n  w i l l  no t  have a good enougti 

o p t i c a l  f i g u r e  t o  pe rmi t  c o h e r e n t  d e t e c t i o n  and t h e  c o h e r e n t  s y s t c r : ~  w i l t  no t  

have  a l a r g e  enough a p e r t u r e  f o r  u s e  a s  a n  i n t e n s i t y  d e t e c t o r .  

We a r e  t h e n  f aced  w i t h  making a system d e c i s i o n  b e f o r e  vrncee t l ing  

w i t h  t h e  c o n s t r u c t i o n  of a ground s t a t i o n .  

I t  i s  n o t  t h e  purpose  o f  t h i s  s t u d y  t o  i n v e s t i g a t e  o p t i c a l  c a n -  

munica t ion :  a s u b j e c t  t h a t  h a s  been t r e a t e d  e x t e n s i v e l y  e l sewhere  (Refs. 1, 

thru6) ,  However, w e  have found i t  necessa ry  t o  make a communications com- 

p a r i s o n  of t h e  two apyroaches  i n  o r d e r  t o  make meaningfu l  recommendations 

c o n c e r n i n g  ground s t a t i o n  r equ i r emen t s  i n  terms of k n g i n e e r i n g  f e a s i b i l i t y ,  

a r e a s  f o r  f u r t h e r  s t u d y  o r  development ,  and cost.  

1 
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Using t h e  i n t e n s i t y  d e t e c t i o n  t e c h n i q u e ,  we can i n c r e a s e  t h e  d a t a  

r a t e  f o r  a g i v e n  s p a c e c r a f t  by i n c r e a s i n g  t h e  d i a m e t e r  of t h e  c o l l e c t i n g  

a p e r t u r e .  The re  does  no t  appea r  t o  b e  any l i m i t  t o  t h e  a p e r t u r e  s i z e  o t h e r  

t h a n  c o s t .  

Using c o h e r e n t  d e t e c t i o n  we g a i n  d a t a  r a t e  a s  we i n c r e a s e  a p e r t u r e  

o n l y  u n t i l  we r e a c h  a c e r t a i n  limit imposed by the  atmosphere.  Increasing t h e  

a p e r t u r e  beyond t h i s  limit d e c r e a s e s  t h e  u s e I u l  d a t a  r a t e .  

We have s t u d i e d  t h e  a tmosphe r i c  e f f e c t s  and a t  tempted t o  p r e d i c t  

t h e  maxiilium u s e f u l  a p e r t u r e  d i ame te r  f o r  c o h e r e n t  systems a t  s e v e r a l  wave- 

lengt l i s .  

C o n s i d e r a t i o n  has  been g i v e n  t o  s e v e r a l  d i f f e r e n t  r!lechanical con- 

f i g u r a t i o n s  o f  t h e  i n t e n s i t y  d e t e c t i o n  r e c e i v e r ,  a l l  o f  which u s e  t h e  same b a s i c  

o p t i c a l  sys tem.  

C o n s i d e r a t i o n  has  a l s o  been g i v e n  t o  t h e  mechanica l  c o n f i g u r a t i o n  

o f  co l ie ren t  sys tems b u t  i n  l ess  d e t a i l .  s i n c e  such  a system cou ld  c l o s e l y  

resemble  a c o n v e n t i o n a l  a s t r o n o m i c a l  t e l e s c o p e .  

2 
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SECTION I1 

LASER DEEP-SPACE OPTICa 
COMMUNICATION SYSTEM CONSIDERATIONS 

We do n o t  f e e l  t h a t  a r easonab le  d e c i s i o n  conce rn ing  t h e  type  of 

groilnd r e c e i v e r  t o  be  u s e d  f o r  a deep-space l a s e r  communication s y s t e m  can 

be made w i t h o u t  a compara t ive  a n a l y s i s  of t h e  communications a s p e c t s  of t h e  

v a r i o u s  approaches .  I n  t h i s  s e c t i o n  t h e s e  comparisons a r e  made and con- 

c l u s i o n s  drawn which pe rmi t  a meaningfu l  cho ice  of a p e r t u r e  f o r  t h e  ground 

r e c e i v e r .  

L 

A .  LASER CANDIDATE AM) DETECTION SYSTEMS 

The f o l l o w i n g  set  of  l a s e r  c a n d i d a t e s  and d e t e c t i o n  s y s t e m s  were 

e v a l u a t e d  and compared for use  i n  a deep-space o p t i c a l  communication sys tem:  

H e l i u m  Neon - 63281 - P u l s e  Code Modulat ion w i t h  P o l a r i z a t i o n  

Galium Arsenide  - 84001 - P u l s e  P o s i t i o n  PIodulat ion (PPM) 

Sun Pumped YAG - 1.0blt - P u l s e  Code Nodu la t ion  w i t h  P o l a r i z a t i n n  

Carbon Dioxide - 10.63 - Coherent De tec t ion ,  w i th  Phase S h i f t  

We have  n o t  c o n s i d e r e d  t h e  3.5~1 r e g i o n  h e r e  because  no l a s e r  of 

(PCN/PL) 

( PCM/PL) 

Keying S u b c a r r i e r  Modulat ion,  (PSK) 

r e a s o n a b l e  power o u t p u t  now e x i s t s  and t h e  development of such a l a 5 e r  seems 

u n l i k e l ) ? .  It would be meaningless  t o  perform a n  a n a l y s i s  based  on e s t i m a t e d  

powers and e k f i c i e n c i e s  of such a l a s e r ,  

The wavelength  dependent  parameters  which have been cons ide red  

a r e  : 

1. Lase r  sou rces  

2 .  Atmospheric  t r a n s m i s s i o n  

3 ,  Ream d ive rgence  

4 ,  Energy p e r  photon 

4 
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t 
5. Gackground 

6 .  D e t e c t o r  response  

7. Atmospheric t u rbu lence  e f f e c t s  

8. O p t  i c a  1 e f f i c i e n c y  

9.  P r e d e t e c t i o n  o p t i c a l  f i l t e r  bandwidth 

and t r a nsmi s s ion .  

Such f a c t o r s  a s  o p t i c a l .  t o l e r a n c e s ,  p o i n t i n g  and a l ignment  t o l e r -  

ances ,  which a r e  a l s o  wavelength  dependent,  m u s t  a l s o  be c b s i d e r e d  i n  a n  

e v a l u a t i o n  of any p a r t i c u l a r  s y s t e m .  

B. SELECTION OF SYSTEM P A R A F B T E R S  

A l l  systems have been compared f o r  a LO8 and 1.5 x l o 8  s t a t u t e  

m i l e  deep-space t o  e a r t h  communication l i n k  f o r  bo th  day and n i g h t  o p e r a t i o n .  

F rom v e h i c l e - e a r t h  s t a t i o n  geometry c o n s i d e r a t i o n s ,  i t  i s  assumed t h a t  t h e  

e a r t h  r e c e i v e r  t r a c k s  t h e  space  v e h i c l e  a t  a z e n i t h  a n g l e  of 60 ' .  A c o n s t r a i n t  

of c o n s t a n t  r e f l e c t o r  weight  of 100 pounds was used t o  de t e rmine  t h e  v e h i c l e  

t r a n s m i t t e r  a p e r t u r e .  Refer  t o  Appendix C, F i g u r e  C-3, of  NASA CR-252 f o r  a 

r e f  l e c t o r  parameter  c h a r t  of d i f f r a c t i o n  l i m i t e d  t r a n s m i t t e r  a p e r t u r e  d i a m e t e r  

v e r s u s  wavelength  with r e f l e c t o r  weight  a s  a parameter .  The t r a n s m i t t e r  ap-  

e r ture  d i a m e t e r s  f o r  the HeNe ,  GaAs, and YAG wavelengths  a r e  a l l  c l u s t e r e d  n e a r  

a 1 meter v a l u e .  

The r e c e i v e r  a p e r t u r e  f o r  the  i n t e n s i t y  d e t e c t i o n  t e c h n i q u e s  u s i n g  

H e N e ,  GaAs, o r  YAG was assumed t o  be  the  "photon bucket , "  ( o p t i c a l  e q u i v a l e n t  

t o  t h e  Arec ibo  microwave a n t e n n a ) .  

sys tem a r e  chosen  on t h e  b a s i s  of p r e d i c t e d  dayt ime and n i g h t t i m e  a tmosphe r i c  

cohe rence  d i a m e t e r s .  

The r e c e i v e r  a p e r t u r e s  f o r  t h e  c o h e r e n t  

The e a r t h - r e c e i v e r  f i e l d  of view i s  governed predominant ly  by  t h e  

i n h e r e n t  b l u r  c i r c l e  of t h e  o p t i c a l  design,  a l ignment  and r e l a t i v e  t i l t s  be -  

tween t h e  o p t i c a l  segments ,  i m p e r f e c t i o n s  i n  t h e  secondary  o p t i c s ,  a l i gnmen t  

of  t h e  secondary  o p t i c s  w i t h  pr imary mirror, t e l e s c o p e  v i b r a t i o n s ,  and a n g l e  

of a r r i v a l  f l u c t u a t i o n s  caused  by a tmospher ic  t u r b u l e n c e .  The v a l u e  of 15 

a rc - seconds  was chosen  as  a r e a s o n a b l e  d e s i g n  v a l u e ,  

5 
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T r a n s m i t t e r  and r e c e i v e r  o p t i c a l  t r a n s m i t t a n c e s  of 50 p e r c e n t  a r e  

chosen  on t h e  b a s i s  of p e r c e n t a g e  o b s c u r a t i o n  of t h e  secondary  m i r r o r s ,  l o s s e s  

i n c u r r e d  f o r  a i r - t o - g l a s s  i n t e r f a c e s ,  t r u n c a t i o n  of t h e  i n t e n s i t y  d i s t r i b u t i o n  

o u t p u t  from t h e  l a s e r s ,  and r e f l e c t i v i t y  of t h e  pr imary  and secondary  m i r r o r s .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t echn iques  a r e  a v a i l a b l e  f o r  mapping t h e  l a s e r  

i n t e n s i t y  d i s t r i b u t i o n  i n t o  a l t e r n a t e  d i s t r i b u t i o n s  compa t ib l e  w i t h  t h e  t r a n s -  

m i t t i n g  o p t i c s .  

The f a r  f i e l d  p a t t e r n  of  an unobscured c i r c u l a r  a p e r t u r e  i s  t h e  

c l a s s i c a l  A i r y  p a t t e r n .  Both t h e  secondary o b s c u r a t i o n  and t h e  non-uniform 

i l l u m i n a t i o n  of  t h e  t r a n s m i t t e r  a p e r t u r e  w i l l  d i s t o r t  t h e  f a r - f i e l d  d i s t r i -  

b u t i o n  on t h e  E a r t h .  Both e f f e c t s  w i l l  dec rease  t h e  wid th  of  t h e  c e n t r a l  

maximum i n  the f a r  f i e l d  and w i l l  i n c r e a s e  t h e  energy  c o n t a i n e d  i n  t h e  s i d e -  

l o b e s  of t h e  a f f r a c t i o n  p a t t e r n .  

p o i n t s  o f  t h e  f a r  f i e l d  p a t t e r n  of t h e  i d e a l  un i formly  i l l u m i n a t e d  a p e r t u r e  

i s  0.4. A v a l u e  of t h e  beam d i s t r i b u t i o n  f a c t o r  of 50 p e r c e n t  w i l l  be  assumed 

a s  t h e  l o s s  i n  t h e  f a r  f i e l d  a t  t h e  o p t i c a l  sys tem due t o  d i f f r a c t i o n  e f f e c t s .  

The energy  c o n t a i n e d  o u t s i d e  t h e  h a l f  power 

-8- 

T h e  s c i n t i l l a t i o n  f a c t o r  f o r  t h e  l a r g e  t e l e s c o p e  a p e r t u r e ,  "photon 

bucket , "  w i l l  be c o n s i d e r e d  t o  be  un i ty  s i n c e  t h e r e  i s  c o n s i d e r a b l e  a p e r t u r e  

a v e r a g i n g  of a tmosphe r i c  t u r b u l e n c e  induced s c i n t i l l a t i o n .  The e f f e c t  of 

s c i n t i l l a t i o n  f o r  t h e  cohe ren t  d e t e c t i o n  c a s e  h a s  been d i s c u s s e d  i n  a n o t h e r  
s e c t i o n  of  t h i s  r e p o r t .  

The s e l e c t i o n  of a v e r y  narrow o p t i c a l  p r e d e t e c t i o n  f i l t e r  i s  

d i c t a t e d  by t h e  r equ i r emen t  f o r  d a y l i g h t  communications i n  t h e  p re sence  of 

s k y  background.  I t  may a l s o  be  a n e c e s s i t y  f o r  n i g h t t i m e  communications i f  

a p l a n e t a r y  background (Mars) i s  cons ide red .  

The e a r t h  based  r e c e i v e r  p h o t o m u l t i p l i e r  t u b e s  used f o r  t h e  i n -  

t e n s i t y  d e t e c t i o n  s y s t e m s  c o n s i d e r e d  will r e q u i r e  c o o l i n g  t o  l i m i t  da rk  

c u r r e n t  noise. It h a s  been  assumed t h a t  quantum e f f i c i e n c i e s  of p h o t o m u l t i p l i e r s  

;k 
Born and  Wolf, P r i n c i p l e s  of Optics,  p .  398. MacMillan Company, 1964. 
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have been enhanced by a f a c t o r  of two by t h e  t e c h n i q u e  of t o t a l  i n t e r n a l  re- 

f l e c t i o n .  For  c o h e r e n t  o p t i c a l  he t e rodyne  communication, l i q u i d  he l ium 

coo led  d e t e c t o r s  can  be ernplo).ed t o  a l l o w  o p e r a t i o n  a t  t he  photon s h o t - n o i s e  

l i m i t  a t  1 0 . 6 ~ .  T h i s  w i l l  require the  d e t e c t o r  t o  b e  s u i t a b l y  s h i e l d e d  from 

exchanging r a d i a t i o n  wi th  i t s  environment excep t  th rough t h e  s o l i d  a n g l e  and 

t h e  wavelength  passband through which t h e  s i g n a l  m u s t  came. 

a t i o n  of t h e  d e t e c t o r  i n  a cooled  r e f l e c t i n g  s h i e l d ,  u s ing  a coo led  narrow- 

passband f i l t e r  o v e r  t h e  s i g n a l  a p e r t u r e .  

9: 

T h i s  means o p e r -  

C . MODLIATION TECHNIQUES 

The deep-space o p t i c a l  conimunication s y s t e m  w i l l  be  ana lv -ed  on  
5 0 -3 

t h e  b a s i s  of  10 , 10 b i t  d a t a  r a t e s  wi th  b i t  e r r o r  p r o b a b i l i t i e s  of 10 

modula t ion  t e c h n i q u e s  cons ide red  a r e  PCPl/PL ( P u l s e  Code Modulat ion w i t h  

P o l a r i z e d  L i g h t ) ,  PPPI ( P u l s e  P o s i t i o n  b lodula t ion) ,  and cohe ren t  o p t i c a l  supe r -  

h e t e r o d y n e  d e t e c t i o n .  

Cen te r  f o r  t h e  "Study f o r  an  O p t i c a l  Technology Apol lo  Ex tens ion  System" 

( (XES)  under  c o n t r a c t  NAS 8-20255 ,  f o r  a d i s c u s s i o n  of t h e  advantages  of 

each modula t ion  t echn ique .  

. The 

Refer  t o  t h e  I n t e r i m  Report  t o  Marsha l l  Space F l i g h t  

1. PCM/PL a t  h =. 6 3 2 d  

The number of p h o t o e l e c t r o n s  p e r  b i t  ( N )  g e n e r a t e d  a t  t h e  photo-  

ca thode  i s  computed by s u b s t i t u t i n g  the  numbers from Table  I i n t o  t h e  follow- 

i n g  e q u a t i o n s :  

where Q, t h e  background pa rame te r s ,  a r e  g iven  by:  

= N  
),R / - a Qday 

s k y  

= 0 . k  Hrs, 2 
QMars a r 
t-dght 

Q s t a r s  =- Nhs 

(3)  

( 4 )  

.L 

"Gunter,  W . D , ,  Erickson, E.F., Grant, G.R., "Enhancement of P h o t o m u l t i p l i e r  
S e n s i t i v i t y  b y  T o t a l  I n t e r n a l  Re f l ec t ion , "  Appl ied  Opt ics ,  Vol. 4 ,  No. 4, 
April, 1965, p .  512. 

7 
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- 3  
The s i g n a l  i n  ( p e / b i t )  r e q u i r e d  f o r  a b i t  e r r o r  r a t e  of  10 , 

( i . e . ,  1 p e r  1000) i n  t h e  p re sence  of t h e  n o i s e  g i v e n  b y  Equat iol l  (1) 

can b e  de te rmined  from F igure  1. The t r a n s m i t t e d  l i g h t  power needed t o  main- 

t a i n  a 10 b i t  e r r o r  p r o b a b i l i t y  i s  o b t a i n e d  by d i v i d i n g  t h e  co r re spond ing  

r e q u i r e d  s i g n a l  i n  ( p e / b i t )  o b t a i n e d  from F i g u r e  1 by  t h e  a v a i l a b l e  s i g n a l  (S)  

i n  ( p e / b i t )  p e r  w a t t  of 

-!* 

- 3  

t r a n s m i t t e d  l i g h t  power g i v e n  by Equa t ion  ( 5 ) .  

-. 2 
i T T " - r T P  ( 5  1 

25 
Dt Dr 
1963 At R _. 

kt rl x 10 

r f ' a  t d t S ( p e / b i t )  = 2c 

- 1963) ( 1 . 2 2  x 1609 n.m. - m 

S u b s t i t u t i n g  a p p r o p r i a t e  numbers f o r  h = 63281 from Tab le  I, 

Equa t ions  (1) through (5) become : 

N ( p e / b i t )  = 506 [ 2 + 11.56 x 10 7 - ' L  Q] 
C f 

1 
= 8:32 

Q, L̂  s 
n i g h t  

= 3.3  x Q s t a r s  

f .  7 24 
i p  S ( p e / b i t )  = 2 . 8 7  x 10 

Tab le  I1 g i v e s  background noise ,  r e q u i r e d  s i g n a l ,  and r e q u i r e d  
- 3  t r a n s m i t t e d  power f o r  a 10 b i t  e r r o r  r a t e  and d i f f e r e n t  v a l u e s  of channel  

c a p a c i t y  ( C ) ,  o p e r a t i n g  range  ( R ) ,  and d i f f e r e n t  p r e d e t e c k o n  o p t i c a l  f i l t e r s .  

-3 6.3 p h o t o e l e c t r o n s  p e r  b i t  i s  t h e  s i g n a l  r e q u i r e d  f o r  a LO b i t  

e r r o r  r a t e  when t h e  background n o i s e  i s  ze ro .  I t  i s  t h e r e f o r e  e v i d e n t  from 

Tab le  I1 t h a t  t h e  ave rage  s t a r  background i s  a n e g l i g i b l e  s o u r c e  of n o i s e  

even  when t h e  broad  o p t i c a l  bandwidth S p e c t r o l a b  f i l t e r  i s  u s e d .  The u s e  of 

narrow band o p t i c a l  f i l t e r s  a t  n i g h t  a g a i n s t  a n  ave rage  s t a r  background i s  

t h e r e f o r e  n o t  recommended. I t s  r e l a t i v e l y  low t r a n s m i t t a n c e  would on ly  i n -  

c r e a s e  the  s i g n a l ' s  a t t e n u a t i o n ,  t h u s  necess i tat ing  a n  i n c r e a s e  i n  t h e  t r a n s -  

m i t t e d  s i g n a l  power. 
* P e t e r s ,  W. 1,:. P u l s e  P o s i t i o n  O p t i c a l  Communication System, NATCON Proceed ings ,  1964 

I--- - ~ . - _ = -  
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With Mars i n  t h e  f i e l d  of view a t  n i g h t  o r  with t h e  sky background 

d u r i n g  t h e  day, t h e  u s e  of t h e  narrow band Lyot o p t i c a l  f i l t e r  r e q u i r e s  less  

s i g n a l  t han  t h e  S p e c t r o l a b  f i l t e r  ( s e e  Tab le  11), t h u s  proving  t h a t  t he  day 

sky and Mars a r e  fo rmidab le  n o i s e  sou rces .  

The t r a n s m i t t e d  s i g n a l  power r e q u i r e d  i s  d i r e c t l y  p r o p o r t i o n a l  

t o  b o t h  t h e  r e q u i r e d  s i g n a l  and t h e  channel  c a p a c i t y .  In  the c a s e  where t h e  

background n o i s e  i s  n e g l i g i b l e  ( s e e  average  s t a r  background i n  Tab le  11), t h e  

t r a n s m i t t e d  s i g n a l  power i s  on ly  p r o p o r t i o n a l  t o  channel  c a p a c i t y .  For o t h e r  

background s o u r c e s  t h e  i n c r e a s e  i n  n o i s e  due t o  d e c r e a s i n g  channel  c a p a c i t y  

i n c r e a s e s  t h e  r e q u i r e d  s i g n a l .  However, t h e  r e q u i r e d  t r a n s m i t t e d  s i g n a l  power 

s t i l l  d i rn in ishes  wi th  d e c r e a s i n g  channel  c a p a c i t y  i n  s p i t e  of a n  i n c r e a s i n g  

n o i s e  l e v e l .  

Equat ions  (1) through (5) which were p r e s e n t e d  f o r  PChI/PL a t  
0 

\ = h 3 2 8 A  

Equation.. (1) and (5) by t h e  f a c t o r  . / 2  where I i s  t h e  number of s l o t s  per 

p u l s e  i n  PPM. T h i s  e x p r e s s e s  t h e  no i se  ( N )  and t h e  r e c e i v e d  s i g n a l  ( S )  i n  

u n i t s  of  p h o t o e l e c t r o n s  p e r  s l o t ,  r a t h e r  t h a n  i n  u n i t s  of p h o t o e l e c t r o n s  p e r  

b i t .  

c an  be modi f ied  t o  appl?.  a l s o  t o  PPM a t  7, = 84001 by mu1tipl)r ing 

Note t h a t  i n  t h e  c a s e  of PPM, P deno tes  ave rage  o p t i c a l  power t 
t r a n s m i t t e d ,  i .e . ,  t o t a l  energy  p e r  word ( 1  s l o t s )  d i v i d e d  by t h e  word t i m e  

i n t e r v a l .  In t h e  c a s e  of PCt.l/PL, P a l s o  deno tes  average  o p t i c a l  power t r a n s -  

m i t t e d ,  b u t  i n  a CW o p e r a t i o n a l  mode. 
t 

S u b s t i t u t i o n  of a p p r o p r i a t e  v a l u e s  f o r  A = 8400; from T a b l e  I i n t o  

t h e  p r o p e r l y  mod i f i ed  Equa t ions  (1) through ( 5 )  y i e l d s  t h e  f o l l o w i n g  Equa t ions :  

N(pe / s lo t )  = 302*5. '  [ 1.1 + 703Q; 
- 2 ' :  c 
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= 5.88 Qday 
sky 

= 4.11 
QMiirS 

n i g h t  

= 1.5 x Q s t a r s  
22  5.91  I x 10 

2 S ( p e / s l o t )  = 
CR 
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where ,I i s  t h e  number of s l o t s  p e r  PPM p u l s e ,  

Tab le  I11 g i v e s  t h e  background n o i s e ,  r e q u i r e d  s i g n a l ,  and re-  
-3 q u i r e d  t r a n s m i t t e d  o p t i c a l  power f o r  a 10 b i t  e r r o r  r a t e  and f o r  d i f f e r e n t  

v a l u e s  of channe l  c a p a c i t y  (C), number of s l o t s  p e r  p u l s e  ( I ) ,  and o p e r a t i n g  

range  (R).  The r e q u i r e d  s i g n a l  f o r  a 10 b i t  e r r o r  r a t e  was computed from 

F i g u r e  2 .  

-3 
Jx 

As i n  t h e  p reced ing  c a s e s ,  t h e  average  s t a r  background i s  a 

n e g l i g i b l e  n o i s e  sou rce ,  and t h e  day s k y  and Mars a r e  f o r m i J a b l e  n o i s e  source? .  

S i m i l a r l y ,  a s  b e f o r e ,  t h e  r e q u i r e d  s i g n a l  power d imin i shes  wi th  d e c r e a s i n g  

channel  c a p a c i t y .  

The v a l u e s  of ( 1  chosen i n  Table  I11 a r e  based on e s t i m a t e d  r eason-  

a b l e  combina t ions  of p u l s e  r e p e t i t i o n  r a t e s  and p u l s e  d u r a t i o n s  which may be 

a v a i l a b l e  i n  t h e  f u t u r e .  For example, a t  10 b i t s / s e c  and 5 s l o t s  p e r  pu l se ,  

t h e  p u l s e  r e p e t i t i o n  r a t e  i s  2 x 10 p u l s e s  p e r  second and t h e  p u l s e  d u r a t i o n  

i s  150 nanoseconds.  A t  10 b i t s / s e c  and 9 s l o t s  p e r  p u l s e ,  t h e  p u l s e  repet-  

i t i o n  r a t e  i s  1.1 x 10 p u l s e s  p e r  second and t h e  p u l s e  d u r a t i o n  i s  17b 

nano ,econds .  

t 

5 

5 

4 

3 .  PCN/PL a t  = I O ~ ~ O O ~  

Equa t ions  (1)  th rough (5) which were p r e s e n t e d  f o r  PCM/PL a t  

h = 6 3 2 8 1  app ly  a l s o  f o r  PCI.I/PL a t  h = 1 O b O O i .  

p r i a t e  numbers f o r  h =- 106001 from Table  I i n t o  

y i e l d s  t h e  f o l l o w i n g  equat ions :  

S u b s t i t u t i o n  of t h e  appro-  

Equat ions  (1) through (5)  

* P e t e r s ,  til. 14. p u l s e  p o s i t i o n  O p t i c a l  communication System, NATCOM Proceed ings ,  1964 
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-1 

I 1 + 44,600Q i (16) 
105 N ( p e / b i t )  = - C 

f 

= 2 . 7 8  
Qday 

= 2.18 ?Mars 
n i g h t  

2 2  - 1 -- 
S ( p e / b i t )  = 1.65 x 10 I - ? I  

c RL 

Tab le  I V  g i v e s  t h e  background no i se ,  r e q u i r e d  s i g n a l ,  and r e q u i r e d  
-3  t r a n s m i t t e d  o p t i c a l  power f o r  a 10  b i t  e r r o r  p r o b a b i l i t y  and f o r  d i f f e r e n t  

v a l u e s  of  channe l  c a p a c i t y  (C)  and o p e r a t i n g  range  ( R ) .  The r e q u i r e d  s i g n a l  

f o r  a 10 b i t  e r r o r  p r o b a b i l i t y  was computed from F i g u r e  1. -3  

0 

A s  i n  t h e  X = 6328A case ,  t h e  ave rage  s t a r  background i s  a n e g l i -  

g i b l e  n o i s e  sou rce ,  and t h e  day sky and Mars a r e  fo rmidab le  n o i s e  s o u r c e s .  

S i m i l a r l y ,  a s  i n  t h e  1. = 6328A case ,  t h e  r e q u i r e d  t r a n s m i t t e d  s i g n a l  power 

d i m i n i s h e s  w i t h  d e c r e a s i n g  channel  c a p a c i t y .  

0 

4 .  O p t i c a l  t Ie terodyne D e t e c t i o n  

This demodula t ion  t echn ique  requi res  t h a t  t h e  o p t i c a l  s i g n a l  be 

he t e rodyned  w i t h  a n  o p t i c a l  l o c a l  o s c i l l a t o r  s i g n a l  on t'qe s u r f a c e  of a photo-  

d e t e c t o r .  For  a h i g h  d e t e c t i o n  e f f i c i e n c y ,  t h e  phase  f r o n t s  of t h e  s i g n a l  

and o p t i c a l  l o c a l  o s c i l l a t o r  m u s t  "match" t o  w i t h i n  less  t h a n  a h a l f  wavelength 

o v e r  t h e  d e t e c t e d  wavef ron t ,  The random f l u c t u a t i o n s  of  phase  caused by a t -  

mospher ic  t u r b u l e n c e  w i l l  l i m i t  t h e  u s e f u l  a p e r t u r e  of a r e c e i v e r .  However, 

t h e  advan tages  of c o h e r e n t  d e t e c t i o n  a r e  s i g n i f i c a n t .  The background n o i s e  

bandwidth i s  no t  d e t e q i n e d  by t h e  o p t i c a l  p r e d e t e c t i o n  f i l t e r ,  b u t  by t h e  

bandwidth o f  t h e  p o s t  d e t e c t i o n  a m p l i f i e r s .  The re fo re ,  t h e  n o i s e  and  s i g n a l  

bandwidths  w i l l  be e q u a l .  On ly  t h e  background r a d i a t i o n  from one r e s o l u t i o n  

e l emen t  of  t h e  f i e l d  of v iew of t h e  r e c e i v e r  t e l e s c o p e  w i l l  be i n  phase w i t h  

t h e  l o c a l  o s c i l l a t o r  s i g n a l .  T h e r e f o r e ,  a cohe ren t  o p t i c a l  r e c e i v e r  has  t h e  

c a p a b i l i t y  of o p e r a t i n g  i n  a very h i g h  background noise environment  because  of 

18 
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I 

i t s  n o i s e  s u p p r e s s i o n  c a p a b i l i t i e s .  I n  a d d i t i o n ,  he t e rodyne  d e t e c t i o n  a f f o r d s  

conve r s ion  g a i n .  The r e c e i v e d  o p t i c a l  s i g n a l  i s  of v e r y  low power. Without  

conve r s ion  ga in ,  a m p l i f i e r s  immediately f o l l o w i n g  t h e  d e t e c t o r  would no t  have 

s e n s i t i v i t y  t o  n o i s e l e s s l y  ampl i fy  t h e  s i g n a l .  However, t h e  conve r s ion  g a i n  

of t h e  c o h e r e n t  d e t e c t i o n  p r o c e s s  i n c r e a s e s  t h e  ampl i tude  of t h e  d e t e c t o r  

o u t p u t  and t h u s  a l l o w s  n o i s e - f r e e  pos t  d e t e c t i o n  a m p l i f i c a t i o n .  

I n  o r d e r  t o  compare t h e  a c h i e v a b l e  d a t a  r a t e  f o r  a deep-space 

c o h e r e n t  o p t i c a l  d e t e c t i o n  s y s t e m  wi th  an  i n t e n s i t y  d e t e c t i o n  t echn ique ,  w e  

w i l l  assume t h a t  t h e  s u b c a r r i e r  d e t e c t o r  r e q u i r e s  a lOdb s i g n a l - t o - n o i s e  r a t i o .  

I n  c o n s i d e r i n g  cohe ren t  d e t e c t i o n ,  t h e  dominant n o i s e  s o u r c e s  a r e  t h e  back- 

ground ene rgy  from one r e s o l u t i o n  element  of t h e  f i e l d  of view of t h e  r e c e i v e r  

t e l e s c o p e  and t h e  n o i s e  in t roduced  by Lhe l o c a l  o s c i l l a t o r ,  Refer t o  s e c t i o n  

1-3.2.4 of Perkin-Elmer I n t e r i m  Report  t o  Marsha l l  Space F l i g h t  Cen te r  on 

"Study f o r  an  O p t i c a l  Technology Apo l lo  Ex tens ion  S y s t e m  (OTES),"  C o n t r a c t  

NAS 8-20255, f o r  a d e r i v a t i o n  of thc s i g n a l - t o - n o i s e  r a t i o  o b t a i n e d  a t  t h e  

i n t e r m e d i a t e  f r equency  a m p l i f i e r s .  lie w i l l  assume t h a t  t h e  l o c a l  o s c i l l a t o r  

n o i s e  power i n  t h e  s i g n a l  bandwidth !! can be made q u i t e  n e g l i g i b l e  w i t h  re- 

s p e c t  t o  o t h e r  n o i s e  s o u r c e s ,  Then 

SNR = - I . PoB I h'JB L 
1 t -  

h'.B 

where : 

S N R  = s i g n a l - t o - n o i s e  r a t i o  a t  o u t p u t  of i n t e r m e d i a t e  
f requency  a m p l i f i e r s  

m, = P l a n c k ' s  c o n s t a n t  quantum e f f i c i e n c y  of d e t e c t i o n  

\J = o p t i c a l  f requency 

S f  
I3 = s i g n a l  bandwidth 

P = s i g n a l  power i n c i d e n t  on d e t e c t o r  

P B = background n o i s e  s p e c t r a l  i n t e n s i t y  c o n t a i n e d  i n  
one r e s o l u t i o n  e lement  of t h e  r e c e i v e r  o p t i c s  a s  
s een  through s i g n a l  bandwidth B. 

0 
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The above e q u a t i o n  i s  v a l i d  provided  t h a t  t h e  l o c a l  o s c i l l a t o r  power i s :  

C P  
3.'. - 0 0  NoB pXO D c  

P t P B  + P  B t -  

I - 1  

1 + -  I PoB 'NoBB ' pLo 
ht,iB 

where 

= l o c a l  o s c i l l a t o r & e r  i n  s i n g l e  inode 

P I3 = background n o i s e  s p e c t r a l  i n t e n s i t y  c o n t a i n e d  i n  
one r e s o l u t i o n  e lement  of t h e  r e c e i v e r  o p t i c s  a s  
seen  through an  o p t i c a l  f i l t e r  of bandwidth Bo 

pLo 

0 0  

B = l o c a l  o s i c a l l t i t o r  n o i s e  power i n  t h e  s i g n a l  
bandwidth B 'NoB 

= l o c a l  r.oise poicer i n  tlle s i g n a l  bandwidth B 'No 
= i n c i d e n t  power e q u i v a l e n t  t o  t h e  da rk  c u r r e n t  

'Dc 

The o t h e r  pa rame te r s  a r e  a s  d e f i n e d  p r e v i o u s l y .  

If w e  assume t h a t  t h e  s i g n a l  power i s  of s u f f i c i e n t  magni tude 

and t h a t  t h e  p o s t  d e t e c t i o n  a m p l i f i e r s  i n s e r t  no a d d i t i o n a l  noi.,e, 

above e q u a t i o n s  may be used t o  o b t a i n  t h e  d a t a  r a t e  and b i t  e r r o r  r a t e s .  

s i g n a l  bandwidth i s  assumed t o  be  e q u a l  t o  t e n  times t h e  d a t a  r a t e .  

c a r r i e r  modu la t ion  t echn iques  such a s  PSK (phase  s h i f t  keying) ,  have b i t  

error r a t e s  of 10 when t h e  SNR a t  s u b c a r r i e r  d e t e c t i o n  i s  1Odb. S i m i l a r  

a s sumpt ion  on b i t  error r a t e  i s  invoked f o r  t h e  10.611 cohe ren t  system. 

t h e n  t h e  

The 

Sub-  

-3 

5 .  Comnlunication L i n k  C a l c u l a t i o n s  

Refe r  t o  Table  I f o r  a summary l i s t i n g  of s y s t e m  pa rame te r s  fo r  t h e  

deep-space  c o h e r e n t  d e t e c t i o n  l i n k .  

The s i g n a l  photon a r r i v a l  r a t e  i n c i d e n t  o n  t h e  d e t e c t o r ,  Ps/hv p e r  

w a t t  of t r a n s m i t t e d  o p t i c a l  power P i s  e q u a l  t o :  t 

2 
7fD 

'r 7 7 - S - 1  h 
P 

= [Power Dens i ty  I n c i d e n t  on  D e t e c t o r  I - 
.. h c  4 t d a r i  

2 1  
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where a l l  pa rame te r s  a r e  d e f i n e d  i n  Table  I. The p e r t i n e n t  background power 

P B i s  t h a t  o b t a i n e d  f r o m  day skv, Mars, ave rage  s t a r  f i e l d ,  c o n t a i n e d  i n  one 

r e s o l u t i o n  e lement  of t h e  r e c e i v e r  o p t i c s  a s  s e e n  through t h e  s i g n a l  bandwidth 

B. 

0 

I n  o r d e r  i o  e s t a b l i s h  l o c a l  o s c i l l a t o r  power r equ i r emen t s  i t  i s  

n e c e s s a r y  t o  compute t h e  n o i s e  e q u i v a l e n t  power P of t h e  s o l i d  s t a t e  de-  

t e c  t o r ;  t h e n  
Dc 

-8 where A i s  t h e  a r e a  of  t h e  d e t e c t o r  equa l  t o  (0.3m1n)~ = 9 x 10 

B i s  t h e  i . f .  bandwidth e q u a l  t o  1 and 10 mc/s,  f o r  d a t a  r a t e s  10 and 10 

b i t s  p e r  second r e s p e c t i v e l y .  

t o  10'' cm-% 'cps/wat t .  

cm2 and 
5 6 

D" i s  t h e  d e t e c t i v i t y  of t h e  d e t e c t o r  e q u a l  
.L 

I n  o r d e r  t o  a c h i e v e  t h e  SNR performance g i v e n  above, t h e  l o c a l  o s -  

c i l l a t o r  power m u s t  be  such t h a t  t h e  l o c a l  o s c i l l a t o r  s h o t  n o i s e  predominates  

o v e r  t h e  o t h e r  components of s h o t  n o i s e .  However, t h e  l o c a l  o s c i l l a t o r  power 

m u s t  be  less t h a n  what is  necessa ry  t o  s a t u r a t e  t h e  d e t e c t o r .  A l o c a l  o s c i l -  

l a t o r  of 2Op w a t t s  w i l l  p robably  meet both c o n d i t i o n s  f o r  t h e  c a s e s  l i s t e d  i n  

' I ab le  V .  
Refer  t o  Tab le  V f o r  a l i s t i n g  of t h e  performance c h a r a c t e r i s t i c s  

of  t h e  1 O . h ~  CO l a s e r  conununication s y s t e m  f o r  s e v e r a l  c a s e s  of i n t e r e s t .  2 

D. CONCLCSIONS 

Table  V I  p r e s e n t s  p e r t i n e n t  p r o p e r t i e s  of s e v e r a l  l a s e r s  t h a t  a r e  

. c a n d i d a t e s  f o r  t r a n s m i t t e r s  i n  a deep-space o p t i c a l  communication l i n k .  The 

e n t r i e s  i n  Tab le  V I  a r e  c u r r e n t  e s t i m a t e s  and a r e  s u b j e c t  t o  change a s  l a s e r  

t echno logy  advances .  We s h a l l  compare t h e  e s t i m a t e d  o u t p u t  o p t i c a l  powers 

from T a b l e  V I  w i t h  t h e  o u t p u t  o p t i c a l  powers r e q u i r e d ,  which a r e  g i v e n  i n  

T a b l e s  I1 through V .  

i 
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0 

I n  t h e  c a s e  of t h e  6328A, He-Ne (PCM/PL) Lase r  System, ( o p e r a t e d  

a t  t h e  d a t a  r a t e  of 10 b i t s / s e c ) ,  t h e  l a s e r  o u t p u t  power needed v a r i e s  from 

600 mw, ( a t  an o p e r a t i n g  range of  1 . 5  x 10 s t a t u t e  m i l e s ,  and u s i n g  t h e  Lyot 

f i l t e r  i n  the  p re sence  of day sky background),  t o  55 mw, ( a t  an o p e r a t i n g  

range of 10 s t a t u t e  m i l e s ,  and u s i n g  the S p e c t r o l a b  f i l t e r  i n  t h e  p r e s e n c e  

of a n  ave rage  n i g h t t i m e  s t a r  f i e l d  background).  An o p t i q i s t i c  e s t i m a t e  of 

t h e  o u t p u t  o p t i c a l  power a v a i l a b l e  from t h e  H e - N e  l a s e r  i s  250 m i l l i w a t t s .  

I t  i s  t h e r e f o r e  p r o b a b l e  t h a t  a lo6 b i t / s e c  d a t a  r a t e  c a n  be ach ieved  o n l y  

i n  t h e  p re sence  of  t he  ave rage  n i g h t t i m e  s t a r  f i e l d  background (where t h e  

maximum r e q u i r e d  laser o u t p u t  o p t i c a l  power from Tab le  I1 i s  120 mw). I n  t h e  

p r e s e n c e  of a day sky  o r  n i g h t  Mars background, t h e  r e q u i r e d  l a s e r  o u t p u t  o p t i -  

c a l  power from Tab le  I& exceeds t h e  e s t i m a t e d  250 m i l l i w a t t s  power a v a i l a b l e .  
6 When t h e  d a t a  r a t e  i s  reduced from 10 b i t s / s e c o n d  t o  l o 5  b i t s / s e c o n d ,  250 

m i l l i w a t t s  e s t i m a t e d  a v a i l a b l e  power exceeds t h e  powers r e q u i r e d  under  any 

background c o n d i t i o n  c o n s i d e r e d  i n  Table  I1 ( t h e  maximum requ i r emen t  be ing  

200 m i l l i w a t t s  a t  a range o f  1 . 5  x 10 

f i l t e r  a g a i n s t  a day sky  background) .  

6 

a 

8 

8 s t a t u t e  m i l e s ,  and u s i n g  t h e  S p e c t r o l a b  

I n  t h e  c a s e  of t h e  1 . 0 6 ~  sun pumped YAG (PCM/PL) laser  system 

( o p e r a t e d  a t  d a t a  r a t e  of lo6  b i t s / s e c ) ,  t h e  l a s e r  o u t p u t  o p t i c a l  power needed 

v a r i e s  from 2 3  wat t s  ( a t  an o p e r a t i n g  range of 1 .5  x 10 s t a t u t e  m i l e s ,  i n  

t h e  p r e s e n c e  of day sky  background) t o  3 . 8  w a t t s  ( a t  an o p e r a t i n g  range of  

10 s t a t u t e  m i l e s  i n  t h e  p re sence  of the ave rage  n i g h t t i m e  s t a r  f i e l d  back- 

g r o u n d ) .  An e s t i m a t e  of t h e  o u t p u t  o p t i c a l  power a v a i l a b l e  from t h e  YAG 

l a s e r  i s  approx ima te ly  10 w a t t s .  According t o  Tab le  IV, t e n  wat ts  of a v a i l a -  

b l e  l aser  o p t i c a l  o u t p u t  power i s  s u f f i c i e n t  f o r  t h e  e s t a b l i s h m e n t  of t h e  

communication l i n k  a t  a d a t a  r a t e  o f  lo6 b i t s / s e c  i n  t h e  p re sence  of n i g h t t i m e  

ave rage  s ta r  f i e l d  background o r  i n  the p r e s e n c e  of a day sky  background a t  a 

range of 10 s t a t u t e  m i l e s .  Reduction of t h e  d a t a  r a t e  t o  10 b i t s / s e c  w i l l  

r educe  t h e  r e q u i r e d  l a s e r  o p t i c a l  o u t p u t  power below t h e  t e n  w a t t  a v a i l a b l e  

l e v e l  f o r  a l l  background c o n d i t i o n s  c o n s i d e r e d  i n  Tab le  I V .  

8 ’  

8 

a 5 
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0 

I n  t h e  c a s e  o f  t h e  8400A CaAs l a s e r  system, (PPM), ( o p e r a t e d  a t  

a d a t a  r a t e  of l o b  b i t s / s e c ) ,  i n  accordance w i t h  Tab le  111, t he  r e q u i r e d  l a s e r  

ou tp i i t  o p t i c a l  power v a r i e s  from 1 . 2 7 ~  average  ( a t  an o p e r a t i n g  range of  1 .5  x 10 

s t a t l i t e  miles, i n  t h e  p re sence  of d a y  sky background) t o  7mw ( a t  a r ange  of 

10 s t a t u t e  m i l e s  i n  t h e  p re sence  of t h e  average  n i g h t t i m e  s t a r  f i e l d  back-  

groLind). The outpcit o p t i c a l  power a v a i l a b l e  from t h e  GaAs l a s e r  i s  e s t i m a t e d  

t o  exceed  1 w a t t .  This power e q u a l s  o r  exceeds  r equ i r emen t s  f o r  t h e  e s t a b l i s h -  

ment of t h e  communication l i n k  under  a l l  c o n d i t i o n s  of Tab le  I I I  e x c e p t  f o r  1 . 2 7 ~  

requi rement  above. 

8 

8 

. 
I n  t h e  c a s e  of t h e  1 0 . 0 ~  cohe ren t  l a s e r  system, o p e r a t e d  a t  a 

6 
d a t a  r a t e  of 10 b i t s l s e c ,  t h e  required l a s e r  o u t p u t  o p t i c a l  powers v a r i e s  

8 
from 192 w a t t s  ( a t  a r ange  of 1 .5  x 10 

day sky  p l u s  Mars background) t o  20.6 w a t t s  ( a t  a r ange  of 10 s t a t u t e  m i l e s  

i n  t h e  p re sence  of thf n i g h t t i m e  average  s t a r  f i e l d  background) .  

a 1 kw CO l a s e r  may’be a c h i e v a b l e  f o r  a n  Earth-bound l a s e r ,  t h e  f e a s i b i l i t y  

o f  a 1 9 2  w a t t  spaceborne  l a s e r  system shou ld  be  f u r t h e r  i n v e s t i g a t e d  f r o m  t h e  
5 v i ewpo in t  of weight  and bulk .  Communication a t  t h e  reduced d a t a  r a t e  of 10 

b i t s l s e c  appea r s  q u i t e  f e a s i b l e ,  s i n c e  t h e  o u t p u t  o p t i c a l  power r equ i r emen t s  

a r e  reduced,  r ang ing  from 1 9 . 2  w a t t s  ( a t  a r ange  of  1.5 x10 s t a t u t e  m i l e s  

a g a i n s t  a day sky p l i l s  Mars background) t o  2 wat t s  ( a t  a r ange  of 10 s t a t u t e  

m i l e s  a g a i n s t  a n i g h t t i m e  ave rage  s t a r  f i e l d  background) .  

s t a t u t e  m i l e s ,  i n  t h e  p re sence  of  
8 

Although 

2 

8 

8 

4 
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SECTION 111 

EFFECTS OF ATMOSPHERIC TURBULENCE 
ON OPTICAL SI(;NALS 

I 
A. GENERAL 

I n  t h i s  s e c t i o n  we w i l l  e s t i m a t e  t h e  e f f e c t s  of a tmospher ic  t u rbu -  

l e n c e  on he te rodyne  and on ampl i tude  s e n s i t i v e  d e t e c t o r s .  To t h i s  end w e  w i l l  

c a l c u l a t e  t h e  l o s s e s  of a he te rodyne  system a s  a f u n c t i o n  of a p e r t u r e ,  due t o  

superimposed phase f l u c t u a t i o n ,  and a l s o  t h e  ampl i tude  f l u c t u a t i o n s  caused by 

a tmosphe r i c  t u r b u l e n c e .  Having made t h e s e  c a l c u l a t i o n s  w e  w i l l  i n  t h e  l a s t  

s e c t i o n  make some comparisons of t h e  two t y p e s  of s y s t e m ,  

The a n a l y s i s  depends h e a v i l y  on t h e  fo l lowing  r e f e r e n c e s :  

1. 

2 .  

3 .  

4 .  

5. 

6 .  

F r i e d ,  David: The S t a t i s t i c s  of a Geometric I n t e r p r e t a t i o n  
of Wavefront D i s t o r t i o n ,  Tech. Memo 172:  E-0 Lab,,  No, 
American A v i a t i o n  Inc. ,  Space and In fo rma t ion  Systems Div., 
Torrance ,  C a l i f o r n i a  

F$ied, David: 
Atmospher ica l ly  D i s t o r t e d  S i g n a l  Wavef r o n t ,  Tech hlemo 118, 
E - 0  Lab, No. American A v i a t i o n  Inc. ,  Space and In fo rma t ion  
Systems Div. , Torrance,  C a l i f o r n i a ,  J u l y  1964 

Op t i c a l  Heterodyne D e t e c t i o n  of a n  

Gardner:  Some E f f e c t s  of Afmospheric Turbulence on  
O p t i c a l  Heterodyne Communidtions, I E E E  I n t e r n a t i o n a l  
Convent ion,  1964 

G o l d s t e i n :  e t  a l ,  Heterodyne Measurements of L i g h t  
P r o p a g a t i o n  Through Atmospheric Turbulence,  Proc.  IEEE,  
p. 1 1 7 2 ,  S e p t .  1965 

T a t a r s k i :  
McGraw H i l l ,  1961 

Hufnagel ,  R.E. and N.R, Stan ley ,  Image Transmiss ion  
Through Turbu len t  Media, JOSA, Vol. 54, p .  52, 1964. 

Wave Propaga t ion  i n  a Turbu ten t  Medium. 
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B. COHERENCE DIAFETER 

T a t a r s k i  h a s  d e r i v e d  t h e  phase s t r u c t u r e  f u n c t i o n  D ( . )  f o r  a p l a n e  d 
wave, assuminghomogeneous i s o t r o p i c  t u r b u l e n c e  and t h e  2 /3  l a w  f o r  t u r b u l e n c e .  

T h i s  i s  u s u a l l y  g i v e n  asik 

D,(.-) = 1.46 k 2 L C 2 . 5 / 3  
n '  

These a l l  assume L 2 P . A more g e n e r a l  form i s  
0 

11/6 - - 0.62 C L k l -bA( - ) - j  2 2 05/3 
DA(n) = 2.91 k L C 

n n 

which i s  v a l i d  f o r  a l l  2 >'- I" . 
For  < 1 we would have  

In most c a s e s  t h e  l a s t  t e r m  i s  n e g l i g i b l e .  
0 

0 

-1/3 2 2 2 -1/3 2 r De(:) = 3.44 k L cn :o 5 - 1 . 7 2  Cn2 k2 L lo 

= 1 .72  k 2 L Cn2 io -1/3 2 

I n  g e n e r a l  n o  i s  of t h e  o r d e r  of 5mm n e a r  t h e  ground, so we may 

n e g l e c t  t h i s  f o r m u l a t i o n .  The change of form from p 2 .% to p S /TJ, i s  uniform, 

and thus there i s  a 2 : 1  change i n  DJp) ,  which o c c u r s  i d  t h e  r e g i o n  n e a r  p 2 /U, 

b u t  which i s  not abrupt ,  If t h e  atmosphere 5,s not uniform, C 2 L m u s t  be re.- n 
" 2  p l a c e d  w i t h  t h e  i n t e g r a l  

b a s i c  s t r u c t u r e  f u n c t i o n  

Cn dx t aken  Over t h e  pa th .  Thus w e  may use  a s  o u r  
L 

D = 2 D  
% @f 

*For D e f i n i t i o n  of Symbols, r e f e r  t o  Page 38. 

P 2 v,r,?bL 
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7 

us ing  t h e  CGS system, w e  s e e  t h a t  ,\L i n  t h e  v i s i b l e  i s  of t h e  o r d e r  of 1Ocm. 

For 111 r a d i a t i o n  t h i s  would become 14cm, f o r  $1, 24.5cm, f o r  1011, 45cm, and for 

20u, 63cm. These a r e  f o r  a pa th  through t h e  e n t i r e  a tmosphere and a r e  g iven  

on ly  approximate ly .  

For s h o r t  pa th  l e n g t h s ,  of t h e  o r d e r  of a few k i l o m e t e r s ,  and 

moderate  p, w e  see t h a t  t he  second form should  be used. 

An a n a l y s i s  by F r i e d  shows t h a t  f o r  a phase s t r u c t u r e  f u n c t i o n  of 

t h e  forn,  D = ap5I3  t h e  d e v i a t i o n  of phase ove r  a n  a p e r t u r e  can  be g iven  by 
6 

< -, = 0.0630 ( D / r o  j 5 I 3  
Q 

where ?, i s  t h e  phase f l u c t u a t i o n  wi th  no phase f r o n t  c o r r e c t i o n .  
C 

flL i n c l u d e s  c o r r e c t i n g  f o r  t i l t  (i..e., image t r a c k i n g ) ,  A i n -  

i n c l u d e s  a 

S 

c l u d e s  c o r r e c t i n g  f o r  t h e  focus  i n  a d d i t i o n  t o  t r a c k i n g ,  and A Q 
q u a d r a t i c  c o r r e c t i o n .  

. F r i e d  then  f u r t h e r  i 6.88 I3l5 
\ a  r i s  a v a l u e  t h a t  he  d e f i n e s  a s  

0 

s p e c i a l i z e s  h i s  fo rmula t ion ,  g i v i n g  Dj* a s  t h e  d i ame te r  f q r  which 1' g.> e q u a l s  

some v a l u e  D". These a r e  a s  Eollows: 

J 

29 



PERKIN-ELMER Report  N o .  8393 

0.992 ro (A*) 3 / 5  
Doik = 

DL" = 3 .40  ro (A>?) 3 I 5  

3 I 5  D * = 5.26 ro (hik) Q 

Thus w i t h  no c o r r e c t i o n ,  and l e t t i n g  A* = 1: we have  approx ima te ly  

D - r  
C 0' 

so t h a t  r i s  t h e  d i ame te r  f o r  which phase s h i f t s  of one r a d i a n  occur .  This 

co r re sponds  c l o s e l y  t o  G o l d s t e i n ' s  D and may be g i v e n  a s  e f  f' 

0 

o r ,  f o r  P 5 /LL , 

P L; 6 . L  

We may r e g a r d  F r i e d ' s  rd o r  G o l d s t e i n ' s  D a s  a s o r t  of coherence  d i ame te r .  ef f 

We n o t e  f u r t h e r  t h a t  i f  t he  image i s  t r a c k e d ,  i t  i s  p o s s i b l e  t o  i n -  

c r e a s e  r by a f a c t o r  of 3.4, f u r t h e r  g a i n s  b e i n g  p o s s i b l e ,  bur  d i f f i c u l t  t o  

i n s t r u m e n t ,  

0 

An i n t u i t i v e  e s t i m a t e  of r 

image of a s t a r ,  which i s  u s u a l l y  ( a t  n i g h t )  of t h e  o r d e r  of a second of  a r c .  

T h i s  i s  the same s i z e  a s  would be  g iven  by roughly  a lOcm a p e r t u r e ,  so t h a t  

f o r  n i g h t t i m e  o b s e r v a t i o n s  we e s t i m a t e  r 

10cm. 

can  be made c o n s i d e r i n g  t h e  s e e i n g  
0 

i n  t h e  v i s i b l e  t o  be of the o r d e r  of 
0 

30 
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Before  

" 2  I Cn dx, which w i l l  
" 

C. CALCULATION OF 

p roceed ing  f u r t h e r  w e  see t h a t  i t  i s  n e c e s s a r y  t o  e s t i m a t e  

b e  done i n  t h e  nex t  s e c t i o n .  

j cn*dx 

'* 2 
The key t o  any c a l c u l a t i o n  i s  t h e  i n t e g r a l  I Cn dx , t a k e n  a long  

i 
t h e  p a t h  of t h e  l i g h t  th rough t h e  a tmosphere ,  C i s  of  c o u r s e  a h i g h l y  v a r i -  

a b l e  q u a n t i t y ,  v a r y i n g  w i t h  h e i g h t ,  s u r f a c e  c o n d i t i o n s ,  t i m e  of day, and gen-  

e r a l  m e t e o r o l o g i c a l  c o n d i t i o n s .  Thus any c a l c u l a t i o n  m u s t  be  approximate .  

n 

S e v e r a l  p o i n t s  i n  a c a l c u l a t i o n  a r e  e v i d e n t  however. I n  any up- '  

ward l o o k i n g  c a s e s  t h e  v a l u e  of t h e  i n t e g r a l  i s  set  t o  a t  l e a s t  one s i g n i f i c a n t  

f i g u r e  by t h e  f i r s t  one hundred meters  of  a tmosphere 

Changes th rough  t h e  day w i l l  change t h i s  s i g n i f i c a n t  f i g u r e ,  so t h e r e  i s  l i t t l e  

p o i n t  i n  i n t e g r a t i n g  p a s t  t h e  f i r s t  hundred meters. F u r t h e r ,  w e  may assume t h a t  

t h e  i n s t r u m e n t  i s  a few meters above t h e  ground, s o  t h a t  w e  need n o t  i n c l u d e  

t h e  immediate  s u r f a c e  e f f e c t s .  

above t h e  o b s e r v e r .  

As t h e  e l e v a t i o n  of a s t a t i o n  i s  changed, t h i s  f i r s t  hundred meters 

i s  dominated by ground e f f e c t s ,  I n  t h e  dayt ime t h e  dominant f a c t o r  i s  the rma l  

i n p u t  t o  t h e  ground, and a l t h o u g h  t h e  d e n s i t y  goes  down w i t h  i n c r e a s i n g  a l t i t u d e ,  

the  the rma l  c o n t e n t  of t h e  a i r  d e c r e a s e s  a l s o ,  caus ing  l a r g e r  t empera tu re  f l u c t u -  

a t i o n s  f o r  t h e  same i n p u t .  A s  a resu l t  Cn w i l l  n o t  d e c r e a s e  by a l a r g e  amount 

a s  a l t i t u d e  i s  i n c r e a s e d .  A c t u a l l y  t h i s  co r re sponds  t o  e x p e r i e n c e  - s e e i n g  

improves w i t h  a l t i t u d e  of  a n  o b s e r v a t o r y  b u t  nowhere n e a r  a s  r a d i c a l l y  a s  might  

b e  e x p e c t e d  from t h e  f r e e  a i r  v a l u e  of Cn. A good s i t e  a t  a few thousand f e e t  

i s  only two o r  three times worse t h a n  a good s i t e  a t  f i v e  o r  six thousand f e e t .  
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; 
We must n o t e  t h a t  t h e  s e e i n g  a t  a s i t e  i s  s t r o n g l y  a f f e c t e d  by l o c a l  c o n d i t i o n s ,  

and a t  n i g h t  by t h e  p re sence  or  absence of a n  i n v e r s i o n  l a y e r ,  and t h e  amount 

of mixing  of l o c a l  a i r  due t o  the wind. I n  t h i s  c o n t e x t  w e  shou ld  a l s o  remember 

t h a t  s e e i n g  a t  n i g h t ,  w i t h  t h e  p re sence  of a n  i n v e r s i o n  l a y e r ,  d e v i a t e s  from 

t h a t  of a s imple  t u r b u l e n c e  theory ,  and i n  many c a s e s  t h e  2 / 3  law i s  v i o l a t e d .  

This i s  of cour se  more t r u e  a t  n i g h t  t han  i n  t h e  dayt ime,  and depends on many 

l o c a l  f a c t o r s .  

To e v a l u a t e  ;C 2 d x  we may use  e i t h e r  F r i e d ' s  formula,  
d n  

2 -2/3 C = ALo n 

- 14 1 1 2  where A = 6.7 x 10 exp (-h/3200),  L = 2h 
0 

or  Hufnage l ' s  e m p i r i c a l  cu rves .  Both of t h e s e  a g r e e  f a i r l y  well, a l though  

F r i e d ' s  v a l u e s  a r e  s l i g h t l y  lower t h a n  Hufnagel ' s .  

e d  v a l u e s  Over a n  approx ima te ly  h o r i z o n t a l  pa th ,  showing t h e  v a r i a t i o n  a s  a 

f u n c t i o n  of t h e  t h e  of  day. These v a l u e s  co r re spond  roughly  t o  t h o s e  of 

F r i e d  and Hufnagel  f o r  a h e i g h t  of  approximate ly  t h i r t y  meters, t h e  agreement  

depending  on  the t i m e  of day one assumes f o r  F r i e d  and Hufnagel .  G o l d s t e i n ' s  

l i g h t  p a t h  was one t h a t  would a c c e n t u a t e  t h e  e f f e c t s  of a i r  c u r r e n t s  2scenJ ing  

t h e  s i d e  of t h e  mountain,  so i t  undoubtedly g i v e s  a p e s s i m i s t i c  v a l u e  f o r  t h e  

m i d d l e  of  t h e  n i g h t ,  o r  f o r  the optimum. 

Also,  C o l d s t e i n  h a s  measur- 

Using Hufnage l ' s  curves modi f ied  by G o l d s t e i n ' s  measurenents  and 

p 2  
n u m e r i c a l l y  i n t e g r a t i n g ,  w e  can  a r r i v e  a t  t h e  f o l l o w i n g  v a l u e s  f o r  i C n  LY, 

assuming a v e r t i c a l  pa th .  For  a s l a n t  p a t h  i t  i s  o n l y  n e c e s s a r y  t o  m u l t i p l y  

by the s e c a n t  of t h e  z e n i t h  d i s t a n c e .  
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* 2  
I Cn dx ( v e r t i c a l )  

Noon Af ternoon T w i l i g h t  Night  Huf n a g e l  

7 x 7 x 1.5 x 10-l' 2.2 x -11 2.2 x 10 

wm c112dx ,-315 

6 6 6 6 (3.1 x 10 ) (2.5 x 10 ) (1.25 x 10 ) ( 5  x 10 ) 
6 (2.5 x 10 ) 

6 

1 . 2  
= r ,  * 615 

'i '. 
e 0.085 

0.835 

1011 = 10 x c m  2.81  

5.7 

-4 0.611 = 0.6 x 10 c m  

0.158 x -4 

-4 

1i1 z -  1 x 10 cm 

4~ = 4 x 10 cm 

-4 
20u = 2 0  x 10 cm 

We have t a b u l a t e d ,  f o r  comparison purposes, v a l u e s  t h a t  u s e  

G o l d s t e i n ' s  v a r i a t i o n  through a day;  t l u fnage l ' s  curve ,  unmodif ied ;  and Fried's 

v a l u e s .  A l l  d a t a  h a s  been  rounded t o  two s i g n i f i c a n t  f i g u r e s .  The i n t e g r a t i o n  
i 

i g n o r e s  t h e  f i r s t  f i v e  meters above t h e  ground. 

TABLE V I 1  
TABULATION OF D e f f  i n  CENTIMETERS 
where D 

eff , n  
' 315 

= 4.6 X 615 ( C  2dx ,) 

F r i e d  
Night 0 Day 

0,6 9.8  409 20  12  9.8 7.2 3.6 

1 18 9.0 36 22 18 13 6.6 

4 95 4 8  190 1 2 0  96 70 35  

10 320 160 640 4 0 0  320 210 100 

20 660 330 1300 810 660 4 9 0  250 

k, L L  Morning Af ternoon T w i l i g h t  Night  Hufnagel  

1 - 4 

33 



I 

~ 

I 

I 
I 

I 
I 
I 
i 
I 
I 

PERKIN-ELMER 

TABLE V I 1  (Cont inued)  

Correc ted  for Track ing  Def f 
(Mul t ip ly  by 3 . 4 )  

k, U Morning Afternoon Twi l igh t  Night Hufnagel  Night - Day 
F r i e d  

0.6 33.5 16.7 6 8  4.. 07 33.5 24.5 12.3 

1 6 1  30.7 12 3 7 4 5  6 1  44 22.5 

4 324 163 645 4 0 7  32 7 2 3 8  119 

10 1090 542  2180 1360  1 0 9 0  7 1 2  340 

2 0  2240  1120  442 0 2760  2 2 4 0  1660  85 0 

_- 
Cor rec t ed  f o r  Zen i th  D i s t a n c e  of 60" 

(Mul t ip ly  by 0 . 6 6 )  
Def f 

0.6 6 8  45 3.22 13.2 7.9 6 . 4 5  4 . 7 5  2.37 

1 11.8 5.9 23.6 14.5 11.8 8 , 5  4 . 3 4  

4 62.5 31.6 124 7 9  6 3  46  23  

10 2 10 105 420 2 6 4  2 1 0  1 3 8  6 6  

2 0  4 3 5  217 85 5 5 3 0  4 3 5  32  2 1 6 4  

Cor rec t ed  f o r v 6 0 0  and T r a c k i n g  Deff  
( Mul t ip ly  by 2 , 2 4 )  

- 

0.6 22 11 4 5  27 22 15.9 8.05 

1 40.5 20.1 80.5 4 9 . 4  4 0 5  29.2 14.8 

4 2 13  107 426 269 2 14 15 7 78.5 

10 7 19 359 1430 89 5 7 1 8  4 7 1  2 2 4  

2 0  14 80 7 4 0  2920 1805 14 80 1100 5 6 0  
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F r i e d  

Hufnagel  Night - Day ---__--- - -- 1 , ~  Morning Af ternoon Night 

0.6 96 24 400 144 96 52 10.3 

1 322 81 1 2 9 0  4 82 322 169 432 

- 

4 900 2290 3 6x lo4 14Gx lo2  9 00 49x102 1220 

I g4 4 1.02~10' 4 . 4 ~ 1 0  4 
10 1,02x10 2 . 5 4 ~ 1 0 ~  4 1 x 1 0 ~  16x10 

6 

Report No. 8393 

2 2 Deff Cor rec t ed  f o r  60" and Track ing  cm 

I[ M u l t i p l y  by - p = 0.786 p 4 

eff' e 

To o b t a i n  power for a p e r t u r e  of D w e  m u l t i p l y  

Jf - 1 - -  - By P = D  - - -  I P  
D e f f  2.24 max 2.24 4 % f f  

'D = 0.351 p D g f f  
2 

p = wat t s / cm 

D, HETERODYNE yf EFFICIENCY 

A f a c t o r  Y was d e f i n e d  by Gnrdner and used by G o l d s t e i n  t o  deno te  

the e f f i c i e n c y  of a h e t e r o d y n e  d e t e c t o r ;  Y be ing  t h e  r a t i o  of t h e  e f f e c t i v e  

s i g n a l  power t o  t h e  s i g n a l  power a v a i l a b l e  i f  no phase  s h i f t s  were p r e s e n t .  

I n  t h e  l i m i t  f o r  l a r g e  a p e r t u r e s  K, 

where 
6 / 5  2 6 /5  k12/5 2 x, Q c , J x  J e = 2.91 
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The f u n c t i o n  v(R) i s  a complex one. W e  may use  t h e  above v a l u e  

o n l y  f o r  l a r g e  R ;  i n  t h i s  c a s e  ’Y simply d e f i n e s  t h e  s i g n a l  power r e c e i v e d  by 

, w e  see t h a t  s i n c e  t h e  p w e r  r e c e i v e d  1 a n  a p e r t u r e ,  Noting t h a t  yLim-, - 
L i m  

R2 2 w i t h  no f l u c t u a t i o n s  i s  p r o p o r t i o n a l  t o  R , t h a t  v d e f i n e s  the maximum 

s i g n a l  power f o r  any a p e r t u r e ,  

G o l d s t e i n  h a s  performed t h e  i n t e g r a t i o n ,  and h a s  p l o t t e d  a normal- 

vhen P i s  t h e  maximum power r e c e i v a b l e ,  v e r s u s  DI’D 
Psig’Pmax’ max e € € *  

i z e d  curve ,  

He shows a 3.5 db l o s s  a t  D = D e f f ,  which co r re sponds  t o  t h e  D;k o f  F r i e d  f o r  a 

phase  s h i f t  of n. T h i s  i s  perhaps  t h e  most: u s e f u l  form of t h e  p l o t ,  s i n c e  i t  

p e r m i t s  t h e  c a l c u l a t i o n  of  t h e  e f f i c i e n c y  of u t i l i z a t i o n  of the s i g n a l .  

Our problem i s  t h u s  reduced t o  c a l c u l a t i n g  Def f  or  t h e  D7k of F r i e d ,  

and from t h i s  w e  can  o b t a i n  P / P  . Another  t echn ique  would be t o  c a l c u l a t e  

P f o r  a l a r g e  a p e r t u r e .  This w i l l  s imply be - * p, when p i s  t h e  

ave rage  s i g n a l  d e n s i t y .  The l o s s e s  a r e  t h e n  d e f i n e d  by t h e  p l o t  of P/P 

s i g  max 
T[ 

max 4 Def f  

max 

e f f ’  v e r s u s  D / D  

E. SCINTILLATION 

S c i n t i l l a t i o n  o r  f l u c t u a t i o n s  i n  t h e  ampl i tude  of t h e  incoming s i g n a l  

i s  p r i m a r i l y  caused  by t u r b u l e n c e  a t  h i g h e r  l e v e l s .  From T a t a r s k i ,  assuming 

a 213  law, and ,-Ut >> 3 w e  may w r i t e  
0 ’  

2 7 1 6  ; 2 5/6& 
‘n a = 2.24 k 

‘ 0  

where, a s  b e f o r e ,  t h e  i n t e g r a t i o n  i s  a long  the l i ne  of s i g h t .  The i n t e g r a t i o n  

w e i g h t s  v a l u e s  o f  Cfl 

greatest u n c e r t a i n t y ,  

2 
a t  h i g h  a l t i t u d e s ,  and i t  i s  h e r e  t h a t  w e  have t h e  

Now q2 w i l l  be smoothed by the area of an aperture, 

34 
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f o r  D -,\ /-i,L and ,- smal l ,  t h e  smoothing can  be  r e p r e s e n t e d  by a f a c t o r  G, 

f o r  a g i v e n  wavelength and a p e r t u r e ,  2 (P-F) 

F2 
Thus, g i v e n  t h e  s c i n t i l l a t i o n  - = 

i t  i s  p o s s i b l e  t o  e s t i m a t e  - f o r  ano the r  wavelength and a p e r t u r e .  T h i s  e l i m i n -  

a t e s  t h e  n e c e s s i t y  of having  t o  e v a l u a t e  t h e  i n t e g r a l .  

Now we n o t e  t h a t  - i s  a f u n c t i o n  of and t h a t  G i s  a f u n c t i o n  

of h7I6, so t h a t  the averaged  s c i n t i l l a t i o n  f o r  a l a r g e r  a p e r t u r e  i s  independent  

o f  t h e  wavelength .  

2 
Thus, assuming t y p i c a l  v a l u e s  of f o r  v a r i o u s  a p e r t u r e s ,  w e  may 

2 
de te rmine  7 f o r  o t h e r  a p e r t u r e s ,  independent  of wavelength .  Recognizing t h a t  

v a l u e s  change cons ide rab ly ,  l e t  u s  assume ?hL 

w i n t e r  and 0,05 i n  t h e  summer. We then  can  c a l c u l a t e  I f o r  o t h e r  a p e r t u r e s .  

10cm, and T~ =- 0 . 1  i n  t h e  

2 

It shou ld  be  n o t e d  t h a t  s c i n t i l l a t i o n  n o i s e  w i l l  appear  i n  a 

h e t e r o d y n e  sys tem a s  w e l l  a s  a n  ampl i tude  sys tem s i n c e  i t  w i l l  appea r  a s  a 

f a d i n g  of t h e  s i g n a l ;  i n  t h i s  c a s e  t h e  f l u c t u a t i o n s  w i l l  p robab ly  peak around 

10 cps ,  and d rop  o f f  ex t r eme ly  r a p i d l y  w i t h  f requency ,  because  of t h e  smoothing 

e f f e c t .  

2 
For  l a r g e  a p e r t u r e s  'T t ends  t o  go a s  sec3 8, where 8 i s  t h e  

z e n i t h  d i s t a n c e .  

f a c t o r  of 8. 

i t  does  a l s o  w i t h  s m a l l  a p e r t u r e s .  

Thus f o r  a z e n i t h  d i s t a n c e  of 60' < T ~  w i l l  i n c r e a s e  by a 

It shou ld  b e  no ted  t h a t  beyond 60" t h e  s e c 3  r e l a t i o n  f a i l s ,  a s  

. 
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DEFINITION OF SYMBOLS 

D@) phase s t r u c t u r e  f u n c t i o n ,  P i s  spac ing  

0(p)  phase a s  a f u n c t i o n  of p o s i t i o n  P 

k wave number 

L 

‘n 

IO 

h 

D 

r 
0 

a 

*ef f 

0 
L 

P 

P 

p a t h  l e n g t h  through medium 

s t r u c t u r e  c o n s t a n t  f o r  index of r e f r a c t i o n  

i n n e r  s c a l e  of t u r b u l e n c e  

wave 1 e ng t h 

c o r r e l a t i o n  f u n c t i o n  

e x p e c t a t i o n  v a l u e  

a p e r t u r e  d iameter  

c h a r a c t e r i s t i c  d iameter ,  roughly coherence  d i a m e t e r  

phase f l u c t u a t i o n  

e f f e c t i v e  d iameter ,  roughly coherence  d iameter  

o u t e r  s c a l e  of t u r b u l e n c e  . 
s i g n a l  power d e n s i t y  ( d i s t i n g u i s h e d  from p rev ious  p )  

power (s  igna 1) 

he terodyne  e f f i c i e n c y  

d e v i a t i o n  of  ampl i tude  
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0 
F, SUMMARY 

From t h e  p reced ing  d i s c u s s i o n  s e v e r a l  p o i n t s  a r e  a p p a r e n t .  F i r s t ,  

a t  1011, i t  i s  p o s s i b l e  t o  use cohe ren t  a p e r t u r e s  of t h e  o r d e r  of  4 meters i n  

s i z e ,  day and n i g h t  from a good l o c a t i o n  If image t r a c k i n g  is used. However, 

a p e r t u r e s  drop  down to  t h e  o r d e r  of a meter i n  s i z e  i f  t r a c k i n g  i s  no t  u s e d .  

S c i n t i l l a t i o n  n o i s e  w i t h  t h e s e  l a r g e  a p e r t u r e s  w i l l  b e  a lmost ,  i f  no t ,  n e g l i g i b l e .  

A t  4~ t h e  c o r r e l a t i o n  d i s t a n c e  d rops  t o  h a l f  a meter i n  t h e  a f t e r n o o n ,  b u t  w i t h  

t r a c k i n g  would b e  g r e a t e r  t h a n  two m e t e r s  e x c e p t  f o r  t h e  wors t  p a r t  of t h e  

a f t e r n o o n .  Four microns  w i t h  t r a c k i n g  co r re sponds  roughly  t o  t e n  microns wi th -  

out t r a c k i n g .  Wavelengths s h o r t e r  t han  f o u r  microns  do no t  appear  t o  be  u s a b l e  ' 

w i t h  a p e r t u r e s  o f  r easonab le  s i z e .  It shou ld  a l s o  b e  commented t h a t  i n  a lmost  

a l l  c a s e s  i t  w i l l  be p o s s i b l e  t o  t r a c k  a n  o b j e c t  e i t h e r  i n  morning o r  evening  

t w i l i g h t .  It i s  h a r d  t o  imagine a c a s e  i n  which i t  would be a b s o l u t e l y  neces-  

s a r y  t o  use t h e  worst p a r t  of t h e  a f t e r n o o n ,  T h u s  t h e  r e g i o n  w i t h  wavelengths  

l o n g e r  t h a n  f o u r  microns i s  usab le ,  e s p e c i a l l y  i f  t r a c k i n g  i s  used. 

v a n t a g e s  of t r a c k i n g  w i l l  d e c r e a s e  a s  t h e  a p e r t u r e  approaches  i n  s i z e  t h e  o u t e r  

s c a l e  of t h e  t u r b u l e n c e ,  which w i l l  p robably  have a n  e f f e c t i v e  s i z e  of less 

t h a n  twen ty  meters. 

i n g  would b e g i n  t o  drop  s h a r p l y .  

The ad-  

A t  twenty microns  wavelength then,  t h e  g a i n  due t o  t r a c k -  

From t h e  s t a n d p o i n t  of sky background and t r a n s m i s s i o n ,  t h e  r e g i o n s  

j u s t  below 4p and around 1Ou appea r  t h e  most f a v o r a b l e .  

power fu l  l a s e r  n e a r  10 microns seems t o  i n d i c a t e  t h a t  wavelength ;  a l though  i t  

would seem wor thwhi le  t o  watch t h e  s i t u a t i o n  between t h r e e  and f o u r  microns 

c l o s e l y ,  s i n c e  a t  t h o s e  wavelengths  thermal  r a d i a t i o n  i s  much less of a problem 

than it is a t  10 microns, 

The e x i s t e n c e  of a 
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. 
The t r e a t m e n t  g i v e n  h e r e  has been a s t a t i c  r a t h e r  t h a n  a dynamic 

one, and i t  should  be  a p p a r e n t  t h a t  u n l e s s  o u r  a p e r t u r e  i s  much less t h a n  

t h e r e  w i l l  be a f l u c t u a t i n g  component t o  t h e  s i g n a l  a s  t h e  a c t u a l  c o r -  Def f ? 

r e l a t i o n  d i s t a n c e  i n c r e a s e s  and d e c r e a s e s ,  A good a n a l y t i c a l  approach t o  t h i s  

is  n o t  a v a i l a b l e ,  b u t  from t e l e s c o p i c  o b s e r v a t i o n s  of  s e e i n g  one might  e s t i m a t e  
s 

t h a t  t h e s e  f l u c t u a t i o n s  would t end  t o  peak around t e n  c y c l e s ,  and would g i v e  

o c c a s i o n a l  b u r s t s  of h i g h  s i g n a l  s t r e n g t h .  A t  a f i r s t  approximat ion ,  one might  

e s t i m a t e  t h a t  t h e  e f f e c t i v e  a p e r t u r e  would v a r y  from t w i c e  D 

uith the worst f l u c t u a t i o n s  e x i s t i n g  a t  n i g h t  and o c c u r r i n g  a t  a f a i r  amount 

t o  h a l f  of  D e f f ,  e f f  

lower t h a n  10 c y c l e s .  

i t  i s  d i f f i c u l t  t o  estimate w i t l i  p r e c i s i o n .  

This s i t u a t i o n  should b e  s t u d i e d  , i n  more d e t a i l ,  s i n c a -  

We must n o t e  t h a t  t h e  u s e  of an  a p e r t u r e  l a r g e r t h a n  D e f f  w i l l  no t  

r e s u l t  i n  e x t r a  l o s s e s ;  i t  i s  j u s t  t h a t  i t  w i l l  n o t  be  e f f e c t i v e l y  used.  So 

from the s t a n d p o i n t  of he t e rodyn ing ,  d e t e c t i o n  on o v e r s i z e  a p e r t u r e  does no harm. 

However, the t o t a l  sys tem n o i s e  w i l l  b e  a f u n c t i o n  of t h e  t o t a l  d e t e c t o r  c u r r e n t ,  

and a good p o r t i o n  of t h i s  w i l l  be  set  by t h e  sky background. Thus, f o r  t h e  

b e s t  s i g n a l - t o - n o i s e  r a t i o ,  t h e  a p e r t u r e  should  be no l a r g e r  t h a n  D 

t h e  e x t r a  a p e r t u r e  g a t h e r s  no s i g n a l  b u t  does  g a t h e r  sky background. 

s i n c e  
e f f ’  

S i t e  l o c a t i o n  cannot  b e  ana lyzed  s imply.  The f i g u r e s  t h a t  we have 

g i v e n  a r e  t h o s e  f o r  a r e a s o n a b l y  good si te,  b u t  t h e  pa rame te r s  i nvo lved  i n  de- 

* 

f i n i n g  a good s i t e  a r e  n o t  s imple .  A l t i t u d e  i s  a f a c t o r ,  b u t  l o c a l  c o n d i t i o n s  

a r e  of such  impor tance  t h a t  one cannot  cons ide r  a l t i t u d e  by i t s e l f .  The l o c a -  

t i o n  of good s i t e s  w i l l  p robab ly  depend on measurements on s i t e  and e x p e r i e n c e  

f o r  a good number of years. 
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I n  summary, f o u r  and t e n  microns appea r  q u i t e  u s a b l e ,  e s p e c i a l l y  

i f  image mot ion  compensat ion o r  t r a c k i n g  i s  used. S c i n t i l l a t i o n  n o i s e  will b e  

a lmost  n e g i g i b l e .  The a p e r t u r e  shou ld  b e  no l a r g e r  t h a n  n e c e s s a r y  t o  d e c r e a s e  

sky background, bu t  a n  o v e r s i z e  a p e r t u r e  has  no e f f e c t  o n  t h e  s i g n a l .  

The a n a l y s i s  should  be c a r r i e d  f u r t h e r  t o  see i f  i t  i s  p o s s i b l e  t o  

p r e d i c t  or a n a l y z e  t h e  dynamic b e h a v i o r  of t h e  turbulence- induced  phase  s h i f t s ,  

which w i l l  have a n  e f f e c t  on  any s i g n a l - t o - n o i s e  c a l c u l a t i o n s ,  b e i n g  a time 

v a r y i n g  f a d i n g  on  t h e  s i g n a l ,  N e i t h e r  t h i s  n o r  s c i n t i l l a t i o n  can p r o p e r l y  be 

c o n s i d e r e d  n o i s e .  It i s  p o s s i b l e  t h a t  expe r imen ta l  d e t e r m i n a t i o n s  shou ld  b e  

made. T h i s  cou ld  b e t t e r  be determined  a f t e r  f u r t h e r  a n a l y s i s .  

43 
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SECTION IV 

EFFECTS OF INCREASING ZENITH ANGLE ON OPTICAL SIGNALS 

Recep t ion  of  an e l e c t r o m a y n e t i c  s i g n a l  t h rough  t h e  atmosphere is 

d i r e c t l y  a f f e c t e d  !>y a number of  f a c t o r s  which v a r y  w i t h  z e n i t h  a n q l e .  These 

phenomena i n c l u d e  sky background, a tmospheric  a b s o r p t i o n ,  wave f ron t  cohe rence  

d i a m e t e r ,  p r o b a b i l i t y  oE c loud  c o v e r .  and s c i n t i l l a t i o n  e f f e c t s .  

An obv ious  r e s u l t  01 i n c r e a s i n g  z e n i t h  a n g l e s  i s  t h e  co r re spond-  

i n g  i n c r e a s e  i n  t h e  e q u i v a l e n t  number of  a i r  masses a l o n g  t h e  l i n e  of  s i g h t .  

The number o f  a i r  masses is n e a r l y ,  e q u a l  t o  t h e  s e c a n t  o f  t h e  z e n i t h  a n g l e  

(2 .0  a i r  masses  a t  60" z e n i t h  a n g l e ,  2 . 9  a t  70",  5.6 a t  S O o )  u n t i l  c l o s e  t o  

tlie h o r i z o n .  where tlie numlier o f  a i r  masses is  between 28 and 30. 

b 

Sky bachground r e s u l t s  from s c a t t e r i n z  and from tl iermal e m i s s i o n  

o f  t h e  a tmosphe re ,  t h e  l a t t e r  e f f e c t  depending upon Lhe e m i s s i v i t y  and 

t e m p e r a t u r e  of  t h e  a i r  a l o n g  t h e  l i n e  01 s i g h t .  F o r  wave leng t? , s  s l i o r t e r  

t h a n  t h r e e  microns,  s c a t t e r i n g  predominates  and i s .  of c o u r s e .  a f u n c t i o n  

of  \~-avelen7tI l  and of tlie s u n ' s  p o s i t i o n .  Z e n i t h  s'\y s p e c t r a l  r a d i a n c e  a t  

0 . 6  m i c r o n s ,  f o r  example. i s  on t h e  o r d e r  o f  4 x 10 Tratts - cm - s t r d  

- micron  i n  t h e  day t ime ,  d ropp ing  a s  mucli a s  two o r d e r s  of mazni tude a t  

t w i l i g h t  and s i x  o r d e r s  o f  mazni tude i n  t h e  middle  of t h e  ni::ht. A t  a 

xiavelenzth of 1.0 mic ron .  t h e  z e n i t h  s!y s p e c t r a l  r a d i a n c e  i s  rou:hly one- 

f o u r t h  t h a t  a t  0 . 6  m i c r o n s .  b u t  does no t  d r o p  much p a s t  t w i l i g h t  va lues  due 

t o  OH m o l e c u l a r  r a d i a t i o n  from t h e  upper a tmosphe re .  Between 2 . 2  and 5 

m i c r o n s .  tlle z e n i t h  SLY background i s  ve ry  s l i g h t .  much less than  10 watts 

- c m  - s t r d  - micron . T h i s  r e g i o n  of  the spectrum i s  a c r o s s o v e r  p o i n t  

where the wave1en:;th is  t o o  long f o r  apprecial j  le s c a t t e r i n g  1)ut t o o  s h o r t  

f o r  a n y  s u b s t a n t i a l  t he rma l  e m i s s i o n .  A t  wavelengths  above l o u r  m i c r o n s ,  

-4 - 2  -1 

-1 

- G  

-2  -1 -1 
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-4 t he rma l  e m i s s i o n  predominates  and i n c r e a s e s  r a p i d l y  t o  abou t  10 watts - 
cm - s t r d  - micron . -2  -1 -1 

F o r  purposes  of rough approximat ion ,  t h e  sky bac1:ground may be 

c o n s i d e r e d  g e n e r a l l y  p r o p o r t i o n a l  t o  s e c a n t  o f  t h e  z e n i t h  a n g l e .  i . e .  t o  t h e  

number of a i r  masses a l o n g  t h e  l i n e  of  s i g h t .  It  must be  emphasized,  howeverj  

t h a t  no s imple  t h e o r y  a p p l i e s  and t h a t  a c c u r a t e  p r e d i c t i o n  of background 

c o n d i t i o n s  a t  any z e n i t h  a n g l e  i s  a fo rmidab le  t a s k .  

Atmospheric a b s o r p t i o n  is  s i - m i l a r l y  complex. p a r t i c u l a r l y  i n  t h e  

i n f r a r e d  where a h s o r p t i o n  depends on the  p r e c i s e  wave l e n g t h  involved and on 

t h e  a b s o r p t i o n  bands oE t h e  v a r i o u s  gaseous components o f  t h e  a t n o s p h e r e .  

In t h e  v i s i b l e  wave leng ths ,  a tmosphe r i c  a t t e n u a t i o n  i s  equ iva -  

l e n t  t o  0 . 2 1  magnitude p e r  a i r  mass Lor v i s u a l  magni tudes o r  0.-’14 magnitude 

p e r  a i r  mass f o r  pho tograph ic  magnitudes.  T h i s  amounts t o  a 1 . 7  db loss p e r  

a i r  mass i n  t h e  b l u e .  0 .8  db loss  p e r  a i r  mass i n  t h e  v i s u a l  r e g i o n .  and on 

t h e  o r d e r  of 0.4 d’o l o s s  p e r  a i r  mass i n  t h e  pho tograph ic  i n f r a r e d .  Applying 

t h e  l a t t e r  num’>er t o  a 0 . 6  mic ron  l a s e r ,  f o r  example,  y i e l d s  expec ted  l o s s e s  

of 0 .8  dl) .  1 . 2  di) .  and 2 . 2  db a t  z e n i t h  a n g l e s  of  60,  70.  and 80 d e g r e e s .  

r e s p e c t i - v e l y .  

I n  t h e  1.0 mic ron  r e g i o n .  s c a t t e r i n g  and a b s o r p t i o n  ?iy w a t e r  

v a p o r  predominate .  F o r  1.0 p r e c i p i t a h l e  c e n t i m e t e r  (pr.cm) of H 0 ,  t h e  

t r a n s m i s s i o n  (due t o  w a t e r  vapor )  v a r i e s  from 99 .5  p e r c e n t  a t  1.03 mic rons  

t o  4 p e r c e n t  a t  1 .35 m i c r o n s .  w i t h  a secondary peal: of 9 6  p e r c e n t  a t  1 . 2  

m i c r o n s .  

2 

. 
I n  t h e  4 micron r e g i o n .  0 . 1  p r .  c m  H 0 y i e l d s  t r a n s m i s s i o n s  i n  2 

most i n s t a n c e s  o f  93  p e r c e n t  o r  more from 3 . 5  t o  4 . 8  m i c r o n s ,  peaking a t  

99 .6  p e r c e n t  a t  4 . 1  microns .  However. s t r o n s  CO bands w i t h  t r a n s m i s s i o n  o f  2 
v i r t u a l l y  z e r o  e x i s t  below 3.0 microns and above 3 .9  mic rons .  i 

J 
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From 9 . 8  t o  10. lp, CO i s  t r a n s p a r e n t ,  w i t h  bands on eacli s i d e .  
2 

Although t h e s e  bands a r e  n o t  e x t r e m e l y  s t r o n g  ( f o r  z e n i t h  d i s t a n c e  <80° 

t h e y  have t r a n s m i s s i o n  of 90 pe rcen t ) ,  the  a c t u a l  t r a n s m i s s i o n  would depend 

on t h e  p r e c i s e  wavelength.  H 0 t r a n s m i s s i o n  f o r  1.0 p r .  cm, would be n e a r  

97 p e r c e n t  f o r  10~. Ozone a l s o  has  a s t r o n g  e f f e c t  h e r e .  
2 

A t  20 mic rons ,  0 . 1  p r .  cm oE H 0 would d r o p  t r a n s m i s s i o n  below 2 
80 p e r c e n t ,  and one is j u s t  beyond t h e  edge o f  s t r o n g  CO bands .  2 

It i s  a p p a r e n t  t h a t  p r e c i s e  a tmosphe r i c  l o s s e s  depend c r i t i c a l l y  

on wavelength and band s t r u c t u r e .  I n  a d d i t i o n ,  as  one approaches  t h e  h o r i z o n ,  

haze s c a t t e r i n g  becomes impor t an t .  T h i s  f a c t o r  depends s t r o n g l y  on s i t e  

l o c a t  i o n .  

Another  f a c t o r  of importance i n  systems employing c o h e r e n t  d e t -  

e c t i o n  is  maximum cohe rence  d i a m e t e r ,  which v a r i e s  as  e-3’5, where 8 i s  t h e  

z e n i t h  a n g l e .  I f  t h e  l i m i t i n g  f a c t o r  i s  cohe rence  d i a m e t e r ,  tlie r e c e i v e d  

power a t  z e n i t h  a n g l e s  o f  G O ,  70, and 80 d e g r e e s  is ,  r e s p e c t i v e l y ,  0.44.  

0.29 ,  and 0.12 of  t h e  z e n i t h  r e c e i v e d  power. 

Another d i f f i c u l t y .  which may occur  a t  any of t h e  wavelengtlis  

under  c o n s i d e r a t i o n ,  is  t h 8  e x i s t e n c e  of  c l o u d s .  

approaches  t h e  h o r i z o n  t h e  p r o b a b i l i t y  of c loud  o b s c u r a t i o n  i n c r e a s e s  

r a p i d l y .  One might  e x p e c t  t h a t  tlie p r o b a b i l i t y  of hav ing  a c l o u d  i n  t h e  

l i n e  of s i g h t  i n c r e a s e s  w i t h  t h e  p a t h  l e n g t h  th rough  t h e  l e v e l  a t  which t h e  

c l o u d s  o c c u r ,  which l e a d s  t o  a n  e s t i m a t e  of t h e  i n c r e a s e  i n  t h e  p r o b a b i l i t y  

o f  t h e  o r d e r  of t h e  s e c a n t  o f  t h e  z e n i t h  d i s t a n c e .  

A s  t h e  l i n e  of s i g h t  

2 3 
S c i n t i l l a t i o n  is  a l s o  a f u n c t i o n  of z e n i t h  d i s t a n c e  ( 0  - sec 0)  

and would degrade  s i p a l  q u a l i t y  n e a r  t h e  h o r i z o n .  The r e l a t i o n  shown b r e a k s  

down v e r y  c l o s e  t o  tlie h o r i z o n  and s c i n t i l l a t i o n  t e n d s  t o  s a t u p a t e .  

t i o n s  i n  t r a n s p a r e n c y ,  ~ i l i i c h  o c c u r  w i t 1 1  low f r e q u e n c i e s  and resemble low 

f r e q a e n c y  s c i n t i l ? a t i c : i  ( c y c l e s  p e r  minute) w i l l  a l s o  i n c r e a s e  w i t h  z e n i t h  

d i s t a n c e ,  making t h e  s i t u a t i o n  even worse.  

Varia- 
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I n  summary. i t  i s  e v i d e n t  t h a t  l a r g e  z e n i t h  a n g l e s  w i l l  r e s u l t  i n  

s e r i o u s  d e g r a d a t i o n  o f  t h e  r e c e i v e d  s i g n a l .  I f  s i g n a l  a t t e n u a t i o n  is  e s t i m a t e d  

t o  v a r y  as s e c  0 and t h e  pover  r e c e i v a b l e  a t  t h e  l i m i t i n g  cohe rence  d i a m e t e r  

v a r i e s  l.:ith s e c  -6’5 e ,  t h e  o v e r a l l  l o s s e s  vi11 v a r y  as  o r  somewhat 

€as te r  tlian s e c  9 .  A t  z e n i t h  a n g l e s  of 50, 70, and 80 d e g r e e s .  l o s s e s  

e s t i m a t e d  on t h i s  b a s i s  i n c r e a s e  o v e r  z e n i t h  c o n d i t i o n s  by f a c t o r s  of 4 . 6 ,  

9.5,  and 4 4 ,  r e s p e c t i v e l y .  While the ap1)roxi.mations are  a d m i t t e d l y  somewhat 

c rude :  i t  is  p l a i n  t h a t  z e n i t h  a n g l e s  much i n  e x c e s s  of !io o r  ( a t  most)  70 

d e g r e e s  w i l l  r e s u l t  i n  l o s s e s  o f  s u f f i c i e n t  magnitude t o  make t h i s  p o r t i o n  

of  t h e  sky of q u e s t i o n a b l e  u s e f u l n e s s  € o r  o p t i c a l  communication. 

2 
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SECTION V 

TELESCOPE COhTIGURATIONS FOR INCOHERENT DETECTION 

A .  GENERAL 

The f o l l o w i n g  pa rag raphs  c o n s i d e r  some o f  t h e  impor t an t  pa ra -  i 

meters g o v e r n i n s  t h e  d e s i g n  o f , a  l a r g e  a p e r t u r e  t e l e s c o p e  of  t h e  energy-  

c o l l e c t i n g  o r  "photon bucket"  c a t e g o r y .  

t i o n s  are c o n s i d e r e d ,  and a n  a t t e m p t  is made t o  d e l i n e a t e  t h e  advan tages  

and t h e  sho r t comings  of e a c h .  Emphasis h a s  been  p l a c e d  on e s t a b l i s h i n g  

t h e  i n h e r e n t  f e a s i b i l i t y  of each  approach r a t h e r  t h a n  on i n v e s t i g a t i n g ;  t h e  

mechan ica l  d e t a i l s  i nvo lved .  

A number o f  a l t e r n a t i v e  conf  i g u r a -  

While t h e  d i s c u s s i o n  is  d e l i b e r a t e l y  couched i n  g e n e r a l  terms, 

i n s o f a r  as p r a c t i c a l ,  a n  a p e r t u r e  d i a m e t e r  o f  10 m e t e r s  i s  employed wherever  

c o n s i d e r a t i o n  o f  s p e c i f i c  dimensions is  c o n s i d e r e d  u s e f u l .  

It w i l l  q u i c k l y  become a p p a r e n t  t h a t  two o f  t h e  p r i n c i p a l  f a c t o r s  

i n f l u e n c i n g  d e s i g n  o f  t h e  i n s t r u m e n t  a r e  d e s i r e d  sky cove rage  and r e q u i r e d  

area o f  t h e  pr imary m i r r o r .  A few comments on t h e s e  t o p i c s  p recedes  d i s c u s -  

s i o n  of p a r t i c u l a r  c o n f i g u r a t i o n s .  

1. Sky Coverage Requirements 

S e l e c t i o n  o f  t h e  optimum c o n f i g u r a t i o n  f o r  t h e  proposed g i a n t  

a p e r t u r e  t e l e s c o p e  i s  n e c e s s a r i l y  i n f l u e n c e d  ijy t h e  r e g i o n s  of t h e  sky towards 

v h i c h  t h e  t e l e s c o p e  must b e  c a p a b l e  of p o i n t i n g .  

c o v e r a g e  r equ i r emen t s  a re  p o s s i b l e ,  and t h e  r e l a t i v e  advan tages  of  e a c h  must 

b e  weighed a g a i n s t  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of implementing t h e  

i n s t r u m e n t  r e q u i r e d .  

A number of  p o s s i b l e  sky 

a .  Hernispheric Coverage 

The upper  bound on sky coverage c a p a b i l i t y  is, of c o u r s e ,  the 
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a b i l i t y  t o  look a t  an  o b j e c t  anywhere i n  t h e  c e l e s t i a l  hemisphere,  i .e .  any 

o b j e c t  above t h e  h o r i z o n .  Coverage o f  t h e  e n t i r e  c e l e s t i a l  hemisphere r e q u i r e s  

360 d e g r e e s  of  azimuth a n g l e  c a p a b i l i t y  and 90 d e g r e e s  of  e l e v a t i o n  a n g l e  

, c a p a b i l i t y ,  and p r o v i d e s  coverage  of a s o l i d  a n g l e  sub tend ing  27; s t e r a d i a n s .  

Obviously,  t h i s  k ind  of coverage  would r e p r e s e n t  t h e  u l t i m a t e  

i n  sys tem c a p a b i l i t y  and f l e x i b i l t i y .  A s  w i l l  become a p p a r e n t ,  however, 

implementa t ion  of such c a p a b i l i t y  i n  a g i a n t  a p e r t u r e  t e l e s c o p e  c a n  i n v o l v e  

problems of c o n s i d e r a b l e  magnitude.  

b .  Zodiac Coverage 

I f  t h e  proposed t e l e s c o p e  is  t o  he used t o  communicate w i t h  

v e h i c l e s  t r a v e l i n g  t o  t h e  p l a n e t s  o r  o t h e r w i s e  i n  t h e  g e n e r a l  v i c i n i t y  of t h e  

e c l i p t i c  p l a n e ,  sky coverage  requi rements  may b e  c o r r e s p o n d i n g l y  reduced.  

The n a t u r e  of t h e  cove rage  r e q u i r e d  may b e  de te rmined  by i n s p e c t i o n 4  

of F i g u r e  5 ,  which diagrams t h e  c e l e s t i a l  s p h e r e  as viewed by an  o b s e r v e r  

a t  p o i n t  "0" a t  l a t i t u d e  "L" i n  t h e  n o r t h e r n  hemisphere.  The n o r t h  c e l e s t i a l  

p o l e  a p p e a r s  a t  a n  a n g l e  "L" above t h e  n o r t h e r n  ho r i zon .  The c e l e s t i a l  e q u a t o r  

i s  c o - p l a n a r  w i t h  t h e  e a r t h ' s  e q u a t o r ,  and t h e  e c l i p t i c  p l ane  i n t e r s e c t s  t h e  

e q u a t o r i a l  p l a n e  a l o n g  a l i n e  ex tend ing  from t h e  o b s e r v e r  towards t h e  v e r n a l  

equinox,  y. As sho in ,  t h e  a n g l e  between t h e  e c l i p t i c  and e q u a t o r i a l  p l a n e s  

i s  2 3 ' 2 7 ' .  

e a s t - t o - w e s t  d i r e c t i o n  w i t h  respect t o  t h e  o b s e r v e r .  

The e n t i r e  c e l e s t i a l  sphe re  r o t a t e s  about  t h e  p o l a r  a x i s  i n  an  

It i s  a p p a r e n t  t h a t ,  a s  the  c e l e s t i a l  s p h e r e  r o t a t e s ,  t h e  e c l i p t i c  

p l a n e  sweeps o u t  a band o r  zone 46 '54 '  wide c e n t e r e d  about  t h e  c e l e s t i a l  e q u a t o r .  

Consequen t ly ,  i f  t h e  o b s e r v e r  wishes  t h e  c a p a b i l i t y  o f  t r a c k i n g  a n  o b j e c t  any- 

where i n  t h e  e c l i p t i c  p l a n e  a t  any t ime t h a t  s a i d  o b j e c t  i s  above t h e  h o r i z o n ,  

he must be  equipped t o  d i r e c t  h i s  ins t ru inent  t o  any s p o t  i n  t h e  zone d e s c r i b e d .  

The p l a n e t s  a r e  a l l  con f ined  t o  a nar row band o f  sky ,  t h e  z o d i a c ,  

c c n t e r e d  around t h e  e c l i p t i c .  Hence, by r eason ing  s i m i l a r  t o  t h e  above, t h e  

c a p a b i l i t y  of looking a t  a p l a n e t  a t  any t i m e  when i t  is  above t h e  h o r i z o n  

r e q u i r e s  coverage of a zone of t h e  ce l e s t i a l  s p h e r e  c e n t e r e d  a b o u t  t h e  
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F i g u r e  5 .  The C e l e s t i a l  Sphere a s  Viewed by a n  Observer  a t  
L a t i t u d e  L i n  t h e  Nor thern  Hemisphere 
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c e l e s t i a l  e q u a t o r  and w i t h  a n  a n g u l a r  widtli of  2(23'27'  + i ) ,  where i i s  t h e  

maximum a n g u l a r  d e p a r t u r e  of  t h e  p l a n e t  from t h e  e c l i p t i c ,  a s  s e e n  from E a r t h .  

The i l l u s t r a t i o n  ( F i g u r e  6 )  shows t h i s  zone f o r  an  o b s e r v e r  a t  a t y p i c a l  

l a t i t u d e  L. F i g u r e  7 shows t h e  same a r e a  o f  t h e  sky  i n  a somewhat s i m p l i f i e d  

diagram t h a t  a l s o  i n d i c a t e s  some of t he  Limi t ing  e l e v a t i o n  and azimuth a n g l e s .  

I n s p e c t i o n  o f  t h i s  f i g u r e  r e v e a l s  t h a t  z e n i t h  p o i n t i n g  i s  requi-red f o r  ob- 

s e r v i n g  l a t i t u d e s  5 (23'27' t i ) .  S i m i l a r l y ,  t h e  amount of  h o r i z o n  cove rage  

r e q u i r e d  i n c r e a s e s  from 4 (23'27' i i ) a t  0' l a t i t u d e  t o  360' a t  l a t i t u d e s  
P 

2 (66'33' 

P P 

P 

- iP) .  

A su rvey  of  o r b i t a l  parameters  f o r  a l l  t h e  p l a n e t s  reveals t h a t  

t h e  maximum c o n c e i v a b l e  v a l u e  of i vrould occur  i n  t h e  c a s e  o f  an  i n f e r i o r  

conjunct ion w i t h  Venus a t  a t ime when t h a t  p l a n e t  i s  a t  i t s  maximum d i s t a n c e  

from t h e  e c l i p t i c .  F i g u r e  8 i l l u s t r a t e s  tlie geometry ,of t h i s  s i t u a t i o n  and 

shows t h e  wors t - case  v a l u e  of i t o  be  8 3 4 6 ' .  

P 

P 

S u b s t i t u t i n g  i=So46 '  i n t o  t h e  e x p r e s s i o n s  c i t e d  a b o v e , i t  i s  found 

t h a t  z e n i t h  p o i n t i n g  i s  r e q u i r e d  a t  l a t i t u d e  S 32'13' and t h a t  t h e  a n g u l a r  

e x t e n t  o f  h o r i z o n  cove rage  r e q u i r e d  i n c r e a s e s  from 128'52' a t  e q u a t o r i a l  cb-  

s e r v i n g  s i t e s  t o  360' a t  l a t i t u d e s  2 5 7 ' 4 7 ' .  S i m i l a r l y >  i t  i s  found t h a t  t h e  

s o l i d  a n g l e  subtended  by t h e  sky  coverage  d e s c r i b e d  i s  3.35 s t e r a d i a n s  o r  

53.3% of  t h e  c e l e s t i a l  hemisphere .  

4 

It shou ld  be  no ted  t h a t  t h e  s i t u a t i o n  d e s c r i b e d  by F i g u r e  8 i s  a 

r e l a t i v e l y  i n f r e q u e n t  occur rence  and t h a t  some r e d u c t i o n  i n  i c a p a b i l i t y  

mizh t  h e  contempla ted  i f  o c c a s i o n a l  l a p s e s  o f  cove rage  were a c c e p t a b l e .  ( I n f e -  

r i o r  c o n j u n c t i o n s o f  Venus occur  a t  approximate ly  1.6 y e a r  i n t e r v a l s ,  w i t h  e a c h  

d i s p l a c e d  by abou t  218' from t h e  preceding  one.)  However, t h e  a c c e p t a b l e  re- 

d u c t i o n  f o r  a sys tem w i t h  a l i i e t i m e  of many y e a r s  would be q u i t e  small and 

would n o t  s i g n i f i c a n t l y  a l t e r  c o n c l u s i o n s  based  on c o n s i d e r a t i o n  of t h e  wors t -  

c a s e  c o n d i t i o n .  

P 

2 .  Pr imary  M i r r o r  Area Requirements 

A fundamenta l  f a c t o r  d i f f e r e n t i a t i n g  t h e  v a r i o u s  t e l e s c o p e  conce.pts 

is t h e  area of  pr imary  m i r r o r  r e q u i r e d .  To  a c o n s i d e r a b l e  deg ree ,  t h e  q u e s t i o n  
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F i g u r e  6 .  Sky Coverage Required t o  Assure  C a p a b i l i t y  of 
T rack ing  a n  Ob jec t  i out of E c l i p t i c  P l a n e  
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I E 

h = 90" - L + 23'27'  + i 

6'= 90" - L - 23'27' - i 

P 

P 

o m  = 4t,"54' + 2 i 
P 

s in(23 '27 '  + ip> 1 a = cos-1 r - f cos L AZ 

F i g u r e  7, L i m i t i n g  Angles  A s s o c i a t e d  w i t h  Sky Coverage 
Described by Figure 6. 
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I 3*23'  Venus 

F i g u r e  8.  Worst Case Angular Depar ture  of a P l a n e t  from the 
Ecliptic, a s  Seen from E a r t h  
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r e s o l v e s  i t s e l f  t o  t h e  economic t r a d e - o f f s  between i n c r e a s e d  m i r r o r  a r e a  and 

i n c r e a s e d  s t r u c t u r a l  and mechan ica l  complex i ty .  

F o r  a p e r t u r e  d i a m e t e r s  on the o r d e r  of  10 meters, i t  seems i n -  

e s c a p a b l e  t h a t  t h e  o n l y  p r a c t i c a l  approach i s  t h e  use  o f  a segmented m i r r o r .  

It  l ikewise seems a p p a r e n t  t h a t  t h e  most promising method o f  economica l ly  

f a b r i c a t i n g  a l a r g e  number of s imi l a r  segments,  w i t h  t h e  r e q u i r e d  d e g r e e  of  

r a d i u s  matching,  i s  by r e p l i c a t i o n .  Th i s  i s  a n  area i n  which c o n s i d e r a b l e  

groundwork has  been  e s t a b l i s h e d ,  b u t  which would r e q u i r e  a d d i t i - o n a l  deve lop -  

ment i n  terms o f  t h e  p a r t i c u l a r  r equ i r emen t s  of  t h i s  s t u d y .  T y p i c a l  of  i 

t h e  q u e s t i o n s  r e q u i r i n g  i n v e s t i g a t i o n  a r e  t h e  optimum s i z e  and shape o f  t h e  

segments.  

Con templa t ion  o f  a p e r t u r e s  s o  l a r g e  t h a t  t h e  pr imary m i r r o r  must 

c o n s i s t  of a number of  s e g n e n t s  poses  new a s p e c t s  of  t h e  problem. While each  

se m e n t  might  b e  s u c c e s s f u l l y  coun te rwe igh ted  t o  minimize d i s t o r t i o n s  of  i t s  

s u r f a c e ,  maintenance o f  a c c u r a t e  a l ignmen t  o f  t h o s e  segments t o  e a c h  o t h e r  

r e q u i r e s  one o r  more of t h e  fo l lowing  a l ternat ives:  

55 

The m i r r o r  a r e a  r equ i r emen t s  of  a number of  p o s s i b l e  c o n f i g u r a t i o n s  

are i n d i - c a t e d  i n  t h e  f o l l o w i n g  pa rag raphs .  

B. FIXED SPHERICAL REFLECTOR 

A major  problem area c o n r r o n t i n g  t h e  d e s i g n e r  of  l a r g e - a p e r t u r e  

ground-based t e l e s c o p e s  i s  t h e  s e n s i t i v i t y  of  t h e  pr imary m i r r o r  and i t s  

s u p p o r t i n g  and l o c a t i n g  s t r u c t u r e  t o  t h e  i n f l u e n c e  of  g r a v i t y .  T h i s  d i f f i -  

c u l t y  i s  compounded i n  convent ional  i n s t r u m e n t s  by t h e  n e c e s s i t y  f o r  o p e r a t i o n  

i n  v a r i o u s  and c o n t i n u a l l y  changing o r i e n t a t i o n s  w i t h  r e s p e c t  t o  t h e  g r a v i t y  

v e c t o r .  

The u s u a l  s o l u t i o n  t o  t h i s  problem i s  a n  e l a b o r a t e  and c a r e f u l l y  

e x e c u t e d  system of c o u n t e r w e i g h t s  des igned  t o  b a l a n c e  o u t  g r a v i t a t i o n a l  f o r c e s  

i n  a n  a p p r o x i m a t e l y  uniform manner r e z a r d l e s s  o f  o r i e n t a t i o n .  

r e f l e c t o r s ,  t h i s  approach p roves  t o  lye e f f e c t i v e  and p r a c t i c a l .  

Fu r  s i n g l e  p i e c e  
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(1)  Cont inuous  mechan ica l  r ea l ignmen t  of  e a c h  segment 

t o  compensate f o r  va ry ing  g r a v i t y  d e f l e c t i o n s  o f  t h e  

s u p p o r t  s t r u e  t u r e .  

P r o v i s i o n  of a second level of c o u n t e r w e i g h t s  t o  

compensate f o r  g r a v i t y  d e f l e c t i o n s  of t h e  s t r u c t u r e ,  

which s u p p o r t s  and p o s i t i o n s  t h e  coun te rwe igh ted  

segments .  

t 

(2) 

( 3 )  P r o v i s i o n  of  e n t i r e l y  s e p a r a t e  load -bea r ing  and p o s i t i o n -  

i n g  s t r u c t u r e s ,  w i t h  the  l a t t e r  c a l l e d  upon t o  carry no 

l o a d s  (even  its weight  would have t o  be t r a n s f e r r e d  t o  

t o  t h e  load -bea r ing  s t r u c t u r e )  
Q 

A l l  of t h e s e  p o s s i b i l i t i e s  a r e  i u f f i c i e n t l y  u n a t t r a c t i v e  t o  

encourage  t h e  s e a r c h  f o r  approaches  o t h e r  t h a n  t h a t  t y p i c a l  of  c o n v e n t i o n a l  

a s  t ronomica  1 t e l e s c o p e s  . 
One i n t e r e s t i n g  concep t  i s  t h e  comple te  avo idance  of  v a r y i n g  

g r a v i t y  d e f l e c t i o n  problems i n  t h e  pr imary  m i r r o r  by f i x i n g  t h a t  e lement  

o f  t h e  system w i t h  r e s p e c t  t o  t h e  g r a v i t y  v e c t o r .  Such a sys tem might  con- 

s i s t  of a f i x e d  s p h e r i c a l  p r imary  m i r r o r  i n  combina t ion  w i t h  a r e l a t i v e l y  

small and manageable secondary  o p t i c s  package t h a t , f o r  t r a c k i n g ,  r o t a t e s  

abou t  t h e  c e n t e r  of c u r v a t u r e  of t h e  pr imary.  

I 

F i g u r e  9 diagrams such a con- 

f i g u r a t i o n .  i 

The major  advan tage  o f  t h i s  approach  i s  t h e  r e l a t i v e  s i m p l i c i t y  

of t h e  p r imary  m i r r o r  s u p p o r t  problem. 

and s e c u r e l y  p o s i t i o n e d  on a massive 

wha teve r  f o r  s t a t i c  d e f l e c t i o n s  e x c e p t  f o r  p o s s i b l e  long  tern thermal  and 

s o i l - s  t a b i  l i t y  e f f e c t s  . 

The v a r i o u s  segments would be  r i g i d l y  

and r i g i d  f o u n d a t i o n ,  w i t h  no c o n c e r n  

It i s  immediately a p p a r e n t ,  however, t h a t  t h e  p r i n c i p a l  p e n a l t y  

f o r  a v o i d i n g  t h e  v a r y i n g  g r a v i t y  v e c t o r  i n  t h i s  manner i s  a s i g n i f i c a n t  i n c r e a s e  

i n  t h e  r e f l e c t o r  area r e q u i r e d .  The p o r t i o n  o f  t h e  m i r r o r  employed a t  any z 
f 

one  t i m e  is a b o u t  e q u a l  i n  a r e a  t o  t h e  a p e r t u r e  r e q u i r e d ,  w h i l e  t h e  t o t a l  

56 
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m i r r o r  area needed i s  a l s o  a f u n c t i o n  of Sky cove rage  d e s i r e d .  

I f  cove rage  o f  t h e  e n t i r e  c e l e s t i a l  hemisphere is  r e q u i r e d  ( i g n o r i n g  

f o r  t h e  moment t h e  problem of s e l f - v i g n e t t i n g  a t  l o w  e l e v a t i o n  a n g l e s ) ,  t h e  

p r i m a r y  mi-rror  must i t s e l f  be  a comple t e  hemisphere.  It  i s  a p p a r e n t  from 

F i g u r e  9 t-hat t h e  r a t i o  of m i r r o r  area t o  a p e r t u r e  a r e a  i s  s imply . 

T h i s  r e l a t i o n s h i p  i s  plottfed i n  F i g u r e  10 and i l l u s t r a t e s  t h e  urgency of employ- 

ing  t h e  f a s t e s t  p o s s i b l e  pr imary m i r r o r  t o  keep t h e  r e q u i r e d  pr imary m i r r o r  

s i z e  w i t h i n  manageable bounds.  

I f  zod iac  coverage r a t h e r  t han  hemisphere cove rage  i s  d e s i r e d ,  t h e  

r e q u i r e d  m i r r o r  area d e c r e a s e s  a s  a € u n c t i o n  of t h e  d e c r e a s e d  sky cove rage .  

Tlie m i r r o r  c o n f i g u r a t i o n  r e q u i r e d  a t  a n o r t h e r n  l a t i t u d e  L i s  d e p i c t e d  i n  

F i g u r e  11, and is m e r e l y  a p r o j e c t i o n  of  t h e  sky i l l u s t r a t e d  by F i g u r e  7 w i t h  

two added s t r i p s  e q u a l  i n  w i d t h  t o  h a l f  t h e  a p e r t u r e  d i a m e t e r .  The s u r f a c e  

a r e a  of  s u c h  a m i r r o r ,  e x p r e s s e d  as a m u l t i p l e  of t h e  a p e r t u r e a r e a ,  t u r n s  o u t  

t o  be 

f \2 -1 / I. 
m i r r o r  - = 32 ( f 1 n o . j  s i n  r 23'27' i i t s i n  ( h ~ , ~ ~ , , ,  

A 
L P 

H a p e r t u r e  

r e g a r d l e s s  of  l a t i t u d e .  T h i s  r e l a t i o n  a l s o  is  p l o t t e d  i n  F i g u r e  10 f o r  t h e  

p r e v i o u s l y  d i s c u s s e d  v a l u e  of i = 8 ' 4 6 ' .  Comparison o f  t h e  two s o l i d  c u r v e s  

i n  F i g u r e  10 d e m o n s t r a t e s  t h a t  t h e  pe rcen tage  r e d u c t i o n  is g l a s s  area r e q u i r e -  

m e n t s .  wh ich  r e s u l t s  from d e c r e a s i n g  coverage from hemisphere t o  z o d i a c ,  i n c r e a s e s  

w i t h  f / n c .  

s e n t a t i v e .  (The dashed c u r v e  i n  t h i s  i i g u r e  r e f e r s  t o  a n  a l t e r n a t i v e  c o n c e p t .  

P 

Reduc t ions  of  27 p e r c e n t  a t  f l 1 . 0  and 4 2  p e r c e n t  a t  fl4.0 a r e  r e p r e -  I 

t o  be d i s c u s s e d  i n  a f o l l o w i n g  s e c t i o n . )  i 

A second shortcoming of t h e  f i x e d  s p h e r i c a l  r e f l e c t o r ,  a l l u d e d  t o  

above and evident from Figure 9, i s  1089  of h o r i z o n  coveraze due t o  se l f - .  
vignetting of  the m i r r o r  a t  low e l e v a t i o n  a n g l e s .  F o r  e i ther  t h e  l iemispheric  

I 5 8  
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o r  t h e  zod iac  cove rage ,  t h e  minimum u n v i g n e t t e d  e l e v a t i o n  a n g l e  i s  

I f  some d e g r e e  o f  v i g n e t t i n g  i s  acceptable ,  lower v a l u e s  of  e l e v a t i o n  a n g l e  

may b e  employed. F i g u r e  12 shows, as a f u n c t i o n  o f  p r imary  m i r r o r  f / n o . ,  t h e  

minimum e l e v a t i o n  a n g l e  f o r  a n  u n v i g n c t t e d  a p e r t u r e  and t h e  e l e v a t i o n  a n g l e s  

c o r r e s p o n d i n g  t o  v i g n e t t i n g  o f  o n e - t h i r d  and t w o - t h i r d s  of  t h e  a p e r t u r e  a r e a .  

It shou ld  b e  noted t h a t  t h e  obv ious  advan tages  of  t h e  s lower  

p r imary  m i r r o r s  i n  t e ims  of  low e l e v a t i o n  a n g l e  cove rage  a r e  i n  d i r e c t  c o n f l i c t  

w i t h  t h e  p r e v i o u s l y  demons t r a t ed  n e c e s s i t y  o f  f a s t  m i r r o r s  i f  t h e  

m i r r o r  s u r f a c e  area r equ i r emen t s  are t o  b e  Lept w i t h i n  a t t a i n a b l e  l i m i t s .  

S e v e r a l  p o s s i b i l i t i e s  e x i s t  f o r  c i r cumven t ing  t h e  l o s s  of  h o r i z o n  

cove rage  by a f i x e d  d i s h .  

I f ,  f o r  example, one beg ins  w i t h  a f i x e d  h e m i s p h e r i c a l  r e f l e c t o r  

and a d e s i r e  t o  a l te r  it  i n  a manner p e r m i t t i n g  h o r i z o n  c o v e r a g e ,  one might  

i n s t i t u t e  t h e  f o l l o w i n g  changes ,  a s  i l l u s t r a t e d  by F i g u r e  13. 

(1) To e l i m i n a t e  s e l f - v i g n e t t i n g  of t h e  m i r r o r  when look ing  

a t  t h e  w e s t e r n  ho r i zon ,  remove a s t r i p  of  m i r r o r  e q u a l  i n  

w i d t h  t o  h a l f  t h e  a p e r t u r e  d i a m e t e r  from t h e  w e s t e r n  h a l f  

of t h e  hemisphere s p e r i p h e r y .  

( 2 )  To i n t e r c e p t  t h e  l i g l i t ,  which o t h e r w i s e  would n o t  be c o l l e c t e d  

when look ing  a t  t h e  w e s t e r n  h o r i z o n ,  add a n  i d e n t i c a l  s t r i p  

of m i r r o r  t o  t h e  e a s t e r n  h a l f  of t h e  h e m i s p h e r e ' s  p e r i p h e r y .  

A t  t h i s  p o i n t ,  t h e  system i s  c a p a b l e  of u n v i g n e t t e d  cove rage  o f  t h e  w e s t e r n  

h o r i z o n ,  b u t  v i g n e t t i n g  b e g i n s  a t  a n  a n g l e  of  2 s i n  

ho r i z on. 

\ -1 / D  (x) above t h e  e a s t e r n  

i 

(3 )  C o n s t r u c t ,  a t  a n  a d j a c e n t  b u t  s e p a r a t e  l o c a t i o n ,  a supp le -  

men ta ry  z o n a l  m i r r o r  equal i n  width ( approx ima te ly )  t o  2D 

6 1  
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t o  p rov ide  u n v i g n e t t e d  cove rage  of t h e  e a s t e r n  h o r i z o n .  

The r e s u l t i n g  sys tem i s  c a p a b l e  of f u l l  coverage  o f  t h e  c e l e s t i a l  hemisphere 

w i t h  t h e  e x c e p t i o n  of  a “ b l i n d  s p o t ”  sub tend ing  2 s i n  in) of t h e  n o r t h e r n  

h o r i z o n  f o r  t h e  case i l l u s t r a t e d .  It i s  e v i d e n t ,  however, t h a t  a p e n a l t y  has  

been  pa id  i n  terms of a n  i n c r e a s e  i n  m i r r o r  s u r f a c e  a r e a  e q u a l  t o  t h e  area 

of t h e  supplementary  d i s h .  Of even more s e r i o u s  aonsequence is t h e  requi rement  f o r  

a comple te  d u p l i c a t i o n  of  t h e  secondary  o p t i c s  and d e t e c t o r  sys tems i n  con- 

j u n c t i o n  w i t h  t h e  supplementary  m i r r o r .  It i s  t h u s  p l a i n  t h a t  t h e  a d d i t i o n  

of  h o r i z o n  cove rage  t o  t h e  f i x e d  pr imary m i r r o r  system would invo lve  sub- 

s t a n t i a l  i n c r e a s e s  i n  t h e  c o s t  and t e c h n i c a l  complex i ty  o f  t h e  i n s t a l l a t i o n .  

-1 / D  

It %s t r u e  t h a t  t h e r e  are a v a r i e t y  of  ways i n  which t h e  t o t a l  

m i r r o r  a r e a  might  b e  d i v i d e d  between t h e  two f i x e d  m i r r o r s ,  b u t  t h e  above comments 

would remain a p p l i c a b l e  i n  any e v e n t .  S i m i l a r l y ,  a p p l i c a t i o n  o f  t h e  above 

approach  t o  t h e  c a s e  where o n l y  zod iac  cove rage  i s  d e s i r e d ,  a g a i n  l eads  t o  t h e  

i n e s c a p a b l e  requi rement  f o r  d u a l  o p t i c a l  sys tems and somewhat g r e a t e r  t o t a l  

m i r r o r  a r e a  t h a n  i f  h o r i z o n  cove rage  were d e l e t e d .  

T a b l e  Vfnsummar izes  r e p r e s e n t a t i v e  computa t ions  of  m i r r o r  a r e a  

r e q u i r e m e n t s  f o r  hemisphe r i c  and zod iac  cove rage  w i t h  and wi thou t  h o r i z o n  capa-  
b i  l it  ies. 

An i n t e r e s t i n g  p o s s i b i l i t y  o f  o b t a i n i n g  h o r i z o n  coverage  w i t h  less 

I 
t o t a l  area and w i t h o u t  d u a l  sys tems i s  a v a i l a b l e  i f  a p a r t i a l  d e p a r t u r e  from 

t h e  c o m p l e t e l y  f i x e d  d i s h  i s  a l lowed.  The proposed approach  i s  diagrammed i n  

F i g u r e  14, and c o n s i s t s  o f  a f i x e d  d i s h  ( l e s s  t h a n  a f u l l  hemisphere)  i n  com- 

b i n a t i o n  w i t h  a movable e x t e n s i o n  m i r r o r  t h a t  may be  p o s i t i o n e d  anywhere around 

t h e  p e r i p h e r y  of t h e  f i x e d  d i s h  t o  provide  h o r i z o n  cove rage .  

would p r o v i d e  t r u e  hemisphe r i c  sky  coverage w i t h  no “ b l i n d  s p o t s  , ! I  would 

u t i l i z e  a s i n g l e  secondary  o p t i c s  and t r a c k i n g  sys tem,  and would a c t u a l l y  re- 

q u i r e  less t o t a l  g l a s s  a r e a  t h a n  a s imple hemisphe r i c  r e f l e c t o r .  The d i s -  

a d v a n t a g e ,  o f  c o u r s e ,  i s  t h e  requi rement  f o r  moving and a c c u r a t e l y  a l i g n i n g  

t h e  movable h o r i z o n  s c a n n e r  p o r t i o n  of t h e  m i r r o r .  

p o r t i o n  rotates around a Qer t i ca l  axis does n o t  i n t r o d u c e  any  problem o f  varying 

Such a sys tem 

The f a c t  t h a t  t h i s  movable 
i 
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g r a v i t y  d e f l e c t i o n s .  I n  a d d i t i o n ,  t h e  a l ignment  problem would n o t  r e p r e s e n t  

a s u b s t a n t i a l  i n c r e a s e  i n  t e c h n i c a l  d i f f i c u l t y  s i n c e  even  t h e  f i x e d  d i s h  

would a lmos t  c e r t a i n l y  r e q u i r e  means f o r  r a p i d  and r o u t i n e  a l ignmen t  o f  i t s  

v a r i o u s  segments .  

1. T e n t a t i v e  O p t i c a l  Des ign  

I n  o r d e r  t o  e s t a b l i s h  t h e  f e a s i b i l i t y ,  i n  terms of  o p t i c a l  d e s i g n ,  

of t h e  sys tems d e s c r i b e d  i n  f o r e g o i n g  pa rag raphs ,  t e n t a t i v e  computa t ions  on 

one p o s s i b l e  c o n f i g u r a t i o n  have been performed. The i n p u t s  t o  t h e  s e l e c t i o n  

o f  t h i s  c o n f i g u r a t i o n  inc luded  t h e  fo l lowing .  

% 

(1) The pr imary  m i r r o r  must b e  a t r u e  sphe re ,  w i t h  a c lear  

a p e r t u r e  o f  10 meters 400 i n c h e s .  

(2) The o p e r a t i n g  f /no .  of t h e  pr imary  m i r r o r  shou ld  be  a s  low 

as p r a c t i c a l  i n  o r d e r  t o  minimize t h e  t o t a l  area of  t h e  

f i x e d  m i r r o r .  

(3)  To enhance t h e  f l e x i b i l i t y  and u t i l i t y  of  t h e  i n s t r u m e n t ,  

a n  a l l - r e f l e c t i v e  system i s  d e s i r a b l e .  

( 4 )  The ins t rumen t  should  have a nominal  f i e l d  of  view o f  

20 seconds  o f  a r c  ( p e r  a c q u i s i t i o n  r equ i r emen t s  de t e rmined  

i n  O T S  s t u d i e s ,  b u t  s u b j e c t  t o  a d d i t i o n a l  e v a l u a t i o n ) ,  and 

r e s o l u t i o n  c a p a b i l i t y  c o n s i s t e n t  w i t h  t h e  small f i e l d  o f  view,  

i .e.  a few seconds  of a r c .  

(5) The o p t i c a l  sys tem should  i n c l u d e  c o l l i m a t e d  o r  h i g h  f /no .  

beam o f  r e a s o n a b l y  small d i a m e t e r  t o  pe rmi t  i n s e r t i o n  o f  re- 

q u i r e d  p r e - d e t e c t i o n  o p t i c a l  f i l t e r s .  

(6) The secondary  o p t i c s  shou ld  be  compact,  t o  minimize obscura-  

t i o n  o f  t h e  pr imary,  and shou ld  b e  amenable t o  s t r a i g h t -  

forward  mounting and p o s i t i o n i n g  t echn iques  i n  t h e  r o t a t i n g  

s u p p o r t  s t r u c t u r e .  

i 
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The c o n f i g u r a t i o n  s e l e c t e d  t o  meet t h e s e  p e c i f i  a t i o n s  i s  shown 

i n  F i g u r e  15 and c o n s i s t s  of i  t h e  400-inch d i a m e t e r  s p h e r i c a l  p r imary  m i r r o r ,  

a 48- inch  diameter  concave a s p h e r i c  secondary  m i r r o r ,  and a 9- inch  d i a m e t e r  

convex a s p h e r i c  t e r t i a r y  mirror. The p r i m a r y  m i r r o r  i s  f /0 .95 ,  and t h e  sys tem 

i s  f / 3 0 ,  g i v i n g  a n  EFL o f  300 meters 1000 f t .  A 20 arc-second f i e l d  o f  

v iew t h u s  co r re sponds  t o  1.2 i n c h e s  i n  t h e  f o c a l  p l a n e .  The f / 3 0  beam has  

a small enough inc luded  a n g l e  s o  t h a t  a Lyot f i l t e r  may be  s u c c e s s f u l l y  em- 

p loyed ,a l though i t  must  b e  emphasized t h a t  s e l e c t i o n  of  t h e  optimum means o f  

f i l t r a t  i o n  wi 11 w a r r a n t  c a r e f u l  cons  i d e r a r  i on .  

0 
Two problem areas a r e  e v i d e n t  f o r  t h e  sys tem a s  shown. The f i r s t  

i s  the h i g h  speed and consequent  d i f f i c u l t y  o f  manufacFure o f  t h e  secondary  

and t e r t i a r y  m i r r o r s .  The second i s  t h e  estreme s e n s i t i v i t y  of  a x i a l  f o c a l  

positLon t o  pr imary-secondary  s p a c i n g .  With a n  f /0 .95  pr imary  m i r r o r  and an  

f/30 beam a t  the f o c a l  p l ane ,  t h e  l a t e r a l  and a x i a l  m a g n i f i c a t i o n s  o f  t h e  

secondary  o p t i c s  are 2 = 31.6 and (31 .6>2 - - 1000, r e s p e c t i v e l y .  Hence, 

a change o f  0 .1  i n c h  i!’??e pr imary-secondary s p a c i n g  w i l l  s h i f t  t h e  f o c a l  

p l a n e  by 100 i n c h e s .  

by employing t h e  lowes t  p o s s i b l e  system f /no .  c o n s i s t e n t  w i t h  accep tance  

a n g l e  l i m i t a t i o n s  o f  t h e  p r e - d e t e c t i o n  f i l t e r .  

It i s  p l a i n  t h a t  t h i s  s e n s i t i v i t y  should  be minimized 

The o p t i c a l  sys tem d e s c r i b e d  r e s u l t e d  from a number of c o m p u t a t i o n a l  

c y c l e s  and r e f i n e m e n t s  g e n e r a t e d  w i t h  t h e  a i d  o f  a h igh  speed computer.  

p r o c e s s  was t e r m i n a t e d w k e n a  b l u r  c i r c l e ’ d i a m e t e r  o f  6 seconds  of  a r c  was ob- 

t a i n e d ,  s i n c e  t h i s  w a s  c o n s i d e r e d  as adequate  demons t r a t ion  of  t h e  i n h e r e n t  

f e a s i b i l i t y  o f  mee t ing  t h e  s p e c i f i e d  o b j e c t i v e s  w i t h  a r e a l i s t i c  o p t i c a l  system. 

No i n f e r e n c e  i s  in t ended  t h a t  t h e  system shown i s  i n  any  way op t imized  o r  even 

t h a t  t h e  b a s i c  c o n f i g u r a t i o n  w i l l  prove t o  be  the most advantageous  upon more 

d e t a i l e d  s t u d y .  I t  i s  n o t  improbable ,  f o r  example,  t h a t  f u r t h e r  r e f inemen t  

c o u l d  y i e l d  reduced  c u r v a t u r e s  f o r  the secondary  and t e r t i a ry  m i r r o r s .  

The 

The 6 arc-second b l u r  c i r c l e  c i t e d  above proved t o  b e  r e l a t i v e l y  

i n s e n s i t i v e  t o  o f f - a x i s  a n g l e s ,  a p p r e c i a b l y  g r e a t e r  t h a n  t h o s e  c o r r e s p o n d i n g  

t o  a 20 arc-second f i e l d - o f - v i e w .  Hence, any requi rement  f o r  a p p r e c i a b l y  

l a r g e r  f i e l d s o f  view, e.g .  f o r  a c q u i s i t i o n  purposes, should not compromise the 

basic f e a s i b i l i t y  of t h e  d e s i g n .  
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r 
The r e l a t i o n s h i p  between f ie ld-of -v iew,  b l u r  c i r c l e  d i a m e t e r ,  and 

misa l ignmen t s  of t h e  pr imary  m i r r o r  segments d e s e r v e s  some comment. F i g u r e 1 6 a  

shows t h e  f o c a l  p l a n e  of t h e  nominal o p t i c a l  sys tem d e s c r i b e d  above,  w i t h  

a 20 a rc-second f i e l d  s t o p  and a n  a x i a l  b l u r  c i r c l e  6 a rc - seconds  i n  d i a m e t e r .  

T h i s  i s  t h e  r e s u l t  t h a t  would be  ob ta ined  from a p e r f e c t l y  a l i g n e d  o p t i c a l  

sys tem w i t h  m a t h e m a t i c a l l y  c o r r e c t  m i r r o r  s u r f a c e s .  I f  t h e  pr imary  m i r r o r  

is  t o  c o n s i s t  of  a l a r g e  number of i n d i v i d u a l  segments and i f  t h e  a r b i t r a r y  

assumpt ion  is  made t h a t  t h o s e  segments have randomly o r i e n t e d  t i l t :  e r r o r s  o f  

2 arc-seconds,  t h e  b l u r  c i r c l e  diameter grows t o  approx ima te ly  14 a rc-seconds  

as shown i n  F i g u r e  16b. (S ince  a 2 a rc -second t i l t  e r r o r  f o r  a 40-incb. d i a -  

m e t e r  segment co r re sponds  t o  a d i sp lacemen t  of on ly  0.0004 i nches  a c r o s s  the 

d i a m e t e r ,  it i s  e v i d e n t  t h a t  t h e  assumpt ion  i s  n o t  p a r t i c u l a r l y  p e s s i m i s t i d  

It i s  t h u s  a p p a r e n t  t h a t ,  w i t h  a 14 arc-second d i a m e t e r  b l u r  c i r c l e ,  t h e  

energy  from a p o i n t  t a r g e t  will b e  i n c r e a s i n g l y  v i g n e t t e d  a t  a n g l e s  more t h a n  

3 a rc - seconds  o f f - a x i s  ( F i g u r e  1 6 c ) ,  and w i l l  b e  comple t e ly  l o s t  a t  a n g l e s  

g r e a t e r  t h a n  17 a rc - seconds  o f f - a x i s  ( F i g u r e  1 6 d ) .  I f ,  f o r  purposes  of  

f i r s t - o r d e r  approximat ion ,  we i g n o r e  t h e  non- l i n e a r i t i e s  involved, we may 

p l o t  energy  c o l l e c t e d  v e r s u s  o f f - a x i s  a n g l e ,  a s  shown i n  F i g u r e  1 7 .  rt is  

e v i d e n t  t h a t  t h e  p re sence  o f  segment t i l t s  d e c r e a s e s  t h e  c a p a b i l i t y  of 

c o l l e c t i n g  ene rgy  from t h e  t a r g e t  and r educes  t h e  c a p a b i l i t y  t o  reject  un- 

wanted ene rgy  from a d j a c e n t  s o u r c e s .  

2 .  T e n t a t i v e  Mechanical  Desipn 

The c o n c e p t s  e n v i s i o n e d  f o r  implementa t ion  of t h e  f ixed-pr imary  

sys tem,  w h i l e  by no means worked o u t  i n  d e t a i l ,  f a l l  g e n e r a l l y  a long  t h e  

f o l l o w i n g  l i n e s :  

F i x e d  Pr imary  M i r r o r -  The pr imary  m i r r o r ,  because  o f  i t s  e x t e n s i v e  
L 

s i z e ,  would necessarily c o n s i s t  o f  a number of  segments .  The mos t  p robab le  

shape  o f  t h e s e  segments  i s  hexagonal ,  and the most p l a u s i b l e  means of  producing  

t h e  r e q u i r e d  number w i t h  t h e  r e q u i r e d  d e g r e e  o f  r a d i u s  matching  i s  by r e p l i c a -  

t i o n .  
, 

The mirror segments  would be supported on r i g i d  pylons  by mechanized 
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a )  On-axis,  "Pe r fec t "  
Pr imary Mi r ro r  

6 a r c - s e c .  
B l u r  C i r c l e  

b)  On-axis Image, Pr imary 
Mi r ro r  w i th  Randomly 
Or ien ted  2 a r c - s e c  
Segment T i l t s  

a r c  - sec  

c-sec 

c )  Maxinum O f f  - a x i s  Angle 
f o r  no V i g n e t t i n g  

d) Minimum Off - a x i s  Angle 
f o r  100% Energy Exc lus ion  

1 7  a r c - s e c  

F i g u r e  16. F i e l d  Angle Cons ide ra t ions  fo r  Sys tem wi th  20 a rc - seconds  
F i e l d  Stop,  b arc-seconds  B l u r  C i r c l e  
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l o c a t i n g  d e v i c e s  augmented by coun te rwe igh t s ,o r  s i m i l a r  f o r c e  a p p l i c a t o r s ,  

t o  whatever  d e g r e e  n e c e s s a r y  t o  m a i n t a i n  the  f i g u r e  of  each  segment. The 

l o c a t i n g  d e v i c e s  would b e  o p e r a t e d  remote ly  i n  c o n j u n c t i o n  w i t h  o p t i c a l  a l i g n -  

ment s e n s o r s  l o c a t e d  a t  t h e  c e n t e r  of c u r v a t u r e  o f  t h e  pr imary . .  

t 

The s u p p o r t  py lons  would be  i n t e g r a l  w i t h  a mass ive  c o n c r e t e  

bowl-shaped f o u n d a t i o n  des igned  f o r  maximum d imens iona l  s t a b i l i t y  and pro-  

v i d i n g  a d e q u a t e  passageways between t h e  pylons t o  p r o v i d e  access t o  t h e  seg-  

ment s u p p o r t  and p o s i t i o n i n g  equipment.  
.I e 

Secondary Opt ics ’  and Suppor t  S t r u c t u r e  - A b r i e f  su rvey ,  s u f f i c i e n t  

t o  e s t a b l i s h  f e a s i b i l i t y ,  h a s  been  made of p o s s i b l e  approaches  t o  t h e  con- 

s t r u c t i o n  and s u p p o r t  of t h e  r o t a t i n g  secondary  o p t i c s  package. The c o n f i g u r a -  

t i o n  t h a t  seems most promis ing  i s  i l l u s t r a t e d  by F i g u r e  18, 

A s  i n d i c a t e d ,  t h e  r o t a t i n g  o p t i c a l  package T*70Uld c o n s i s t  o f  a 

t u b u l a r  s t r u c t u r e  somewhat less t h a n  5 f e e t  i n  d i a m e t e r  and approx ima te ly  

40 f e e t  long.  The secondary  and t e r t i a r y  m i r r o r s  a t  one end o f  t h e  t u b e -  

would b e  c o u n t e r b a l a n c e d  a t  t h e  o p p o s i t e  end i n  o r d e r  t h a t t h e  assembly b e  

a c c u r a t e l y b a h n c e d  about a h o r i z o n t a l  ( e l e v a t i o n )  a x i s  p a s s i n g  through t h e  

c e n t e r  of  c u r v a t u r e  o f  t h e  pr imary  m i r r o r s .  

I The e l e v a t i o n  a x i s  b e a r i n g s  would be  suppor t ed  hy a n  i n v e r t e d  

yoke deep  enough t o  c l ea t  t h e  a f t  end of t h e  t u b e  and p i v o t e d  about  a v e r t i c a l  

(az imuth)  a x i s .  

s u p p o r t e d  by t h r e e  t ru s swork  beams spanning t h e  pr imary  m i r r o r .  

The az imuth  b e a r i n g s  would b e  c o n t a i n e d  i n  a c e n t r a l  hub 

Rough we igh t  estimates and s t r e n g t h  computa t ions  were performed 

f o r  t h e  c o n f i g u r a t i o n  d e s c r i b e d .  The r e s u l t s  i n d i c a t e d  a t o t a l  suppor t ed  we igh t ,  

i n c l u d i n g  o p t i c s ,  t ube ,  Counterweight ,  e l e v a t i o n  a x i s ,  yoke,  and az imuth  hub 

o f  18,000 pounds. T h i s  l oad  w a s  imposed on t h r e e  t r i a n g u l a r  t r u s s e s  whose 

p r i n c i p a l  members c o n s i s t e d  of  4- inch  O.D. s t e e l  t u b e s  and whose t o t a l  weight  

w a s  a n  a d d i t i o n a l  13,000 pounds.  Rudimentary s t r e s s c o m p u t a t i o n s  i n d i c a t e d  

maximum t r u s s  stresses on t h e  o r d e r  o f  3,000 p s i ,  a v a l u e  c o n s i d e r e d  s u f f i c i e n t l y  

low t o  confirm the f e a s i b i l i t y  o f  t he  approach .  
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Othe r  combina t ions  of axes  are p o s s i b l e  f o r  t h e  r o t a t i n g  secondary  

o p t i c s  assembly t h a n  t h e  a l t - a z i m u t h  c o n f i g u r a t i o n  d e s c r i b e d  above. 

t h e  proposed sys tem a p p e a r s  t o  have enough mechan ica l  and g e o m e t r i c a l  advantages  

t o  w a r r a n t  i t s  s e l e c t i o n  o v e r  o t h e r  schemes which might  s i m p l i f y  t r a c k i n g  some- 

what b u t  which are  mechan ica l ly  cumbersome. 

az imuth  sys tem is  t h e  f a c t  t h a t t h e  r o t a t i n g  t u b e  s t r u c t u r e  and i t s  c o n t e n t s  

are  t h e  o n l y  components s u b j e c t e d  t o  v a r y i n g  g r a v i t y  v e c t o r s .  

However, 

A n  impor t an t  f e a t u r e  of t h e  a l t -  

E n c l o s u r e  - It seems i n e s c a p a b l e  t h a t  a n  e n c l o s u r e  o r  dome o f  

The t h r e e  p r i n c i p a l  some s o r t  o v e r  t h e  pr imary m i r r o r  w i l l  b e  mandatory.  

f u n c t i o n s  of such  a n  e n c l o s u r e  would be: 

(1) P r o t e c t i o n  o f  t h e  pr imary  m i r r o r  from inc lement  wea the r  

a n d o r  wind-borne sand and d u s t .  

(2) Maintenance of  optimum s e e i n g  c o n d i t i o n s  f o r  the ins t rumen t .  

(3)  
f 

Minimiza t ion  o f  d i r e c t  s o l a r  t he rma l  i n p u t s .  

The f i r s t  of t h e s e  items i s  amenable 

s e n t s  no ma jo r  problem. 

r e q u i r e s  d e t a i l e d  unde r s t and ing  of  t he rma l  c o n d i t i o n s  and a i r  c i r c u l a t i o n  

phenomena i n  and around t h e  in s t rumen t  and i t s  e n c l o s u r e .  

must i n c l u d e  dayt ime c o n d i t i o n s  of d i r e c t  s o l a r  r a d i a t i o n ,  where e x p e r i e n c e  

w i t h  c o n v e n t i o n a l  a s t r o n o m i c a l  i n s t r u m e n t s  i s  o f  l i m i t e d  a p p l i c a b i l i t y .  

i s  a problem o f  c o n s i d e r a b l e  p r o p o r t i o n s .  

t o  s t r a i g h t f o r w a r d  s o l u t i o n ,  and r e p r e -  

The maintenance o f  p r o p e r  s e e i n g  c o n d i t i o n s  ,, however, 

T h i s  u n d e r s t a n d i n g  

T h i s  

S i m i l a r l y ,  d i r e c t  s o l a r  r a d i a t i o n  on t h e  pr imary  m i r r o r  and /o r  

on t h e  res t  of t h e  i n s t r u m e n t  would a lmost  s u r e l y  r e s u l t  i n  unaccep tab le  the rma l  

d e g r a d a t i o n  o f  t h e  m i r r o r ’ s  f i g u r e  and /o r  mis’alignments of t h e  system. 

d i f f i c u l t y  of a v o i d i n g  such  e f f e c t s  will become a c u t e  f o r  t a r g e t s  i n  p r o s i n i t y  

t o  t h e  sun ,  and w i l l  c e r t a i n l y  i n f l u e n c e  t h e  d e s i g n  o f  t h e  e n c l o s u r e .  

The 

P r o g n o s t i c a t i o n s  of optimum e n c l o s u r e  geometry are o f  l i t t l e  s i g n i -  

f i c a n c e  pending  i n t e n s i v e  s t u d y  o f  t h e  e n t i r e  problem. 

from a r e l a t i v e l y  c o n v e n t i o n a l  a s t r o n o m i c a l  dome over the en t i r e  instrrmrent t o  
i n d i v i d u a l  h inged  c o v e r s  on each primary mirror segment. 

P o s s i b i l i t i e s  range 
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P o i n t i n g  and Track ing  C o n s i d e r a t i o n s  - It i s  a n t i c i p a t e d  t h a t  

t h e  most advantageous  approach  t o  t h e  p o i n t i n g  and t r a c k i n g  problem w i l l  

p rove  t o  b e  an  a c t i v e  dual-mode sys tem composed of  "coarse"  and " f i n e "  

c o n t r o  Is. 

I n i t i a l  p o i n t i n g ,  a c q u i s i t i o n ,  and s i d e r i a l  r a t e  t r a c k i n g  would 

b e  accomplished by r o t a t i o n  of t h e  secondary  o p t i c s  package about  i t s  az imuth  

and e l e v a t i o n  axes .  It i s  p robab le  t h a t  a r e l a t i v e l y  wide f i e ld -o f -v i ew 

would be employed d u r i n g  a c q u i s i t i o n  i n  o r d e r  t o  minimize t h e  a b s o l u t e  p o i n t i n g  

a c c u r a c i e s  r e q u i r e d ,  a s  we11 a s  t o  compensate f o r  r e s i d u a l  u n c e r t a i n t i e s  i n  

t a r g e t  p o s i t  i o n  and atmospl ier ic  e f f e c t s  . 
Fol lowing  a c q u i s i t i o n  oE t h e  t a r g e t  and i n i t i a t i o n  of nominal 

t r a c k i n g  r a t e s  by t h e  c o u r s e  d r i v e  system, t h e  f i e l d - o f - v i e w  would be  

narrowed t o  a n  optimum v a l u e  and a f i n e -  gu idance  mechanism would p rov ide  a c t i v e  

p r e c i s i o n  t r a c k i n g .  A l i k e l y  means o f  implementing such  a f ine -gu idance  sys tem 

i s  t h e  i n c l u s i o n  i n  t h e  o p t i c a l  sys tem of  a t r a n s f e r  l e n s  w:lose l a t e r a l  p o s i -  

t i o n  i s  s e r v o - c o n t r o l l e d  t o  m a i n t a i n  the t a r g e t  i n  t h e  c e n t e r  of  t h e  f i e l d  

o f  view. T h i s  approach  has  been s u c c e s s f u l l y  employed i n  t h e  S t r a t o s c o p e  I1 

ba l loon-borne  t e l e s c o p e .  It has  t h e  a t t r a c t i v e  f e a t u r e  of p r o v i d i n g  f i n e  

gu idance  by c o n t r o l l i n g  a s i n g l e  s m a l l  e lement  r a t h e r  t h a n  a t t e m p t i n g ,  i n  

t h e  case a t  hand, t o  move w i t h  extreme p r e c i s i o n  t h e  mass ive  and r e l a t i v e l y  

unwieldy secondary  o p t i c s  package. 

U t i l i z a t i o n  o f  t h e  a c t i v e  t r a c k i n g  approach  d e s c r i b e d ,  d e s e n s i t i z e s  

t h e  sys tem t o  such p e r s i s t e n t  problems as v a r y i n g  mechan ica l ly  o r  t h e r m a l l y  

induced  d e f l e c t i o n s  i n  t h e  secondary  o p t i c s  package o r  i t s  s u p p o r t  s t r u c t u r e .  

and f l u c t u a t i n g  a p p a r e n t  t a r g e t  l o c a t i o n  due t o  a tmosphe r i c  e f f e c t s .  

C . AZIMUTH-ROTATING PRIMARY MIRROR 

The f o r e g o i n g  paragraphs  have c o n s i d e r e d  a system whose p r i n c i p a l  

E e a t u r e  i s  a f i x e d  s p h e r i c a l  r e f l e c t o r ,  chosen  p r i m a r i l y  a s  a means o f  avo id -  

i n g  v a r y i n g  gravity d e f l e c t i o n s  of  t h e  m i r r o r  and of minimiz ing  t h e  mechanica l  

and s t r u c t u r a l  problems of a very l a r g e  s t e e r a b l e  in s t rumen t .  As has  been 
t 
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demons t r a t ed ,  a major  shor tcoming o f  such  a sys tem i s  t h e  e x t e n s i v e  m i r r o r  

a r e a  r e q u i r e d  f o r  a sys tem w i t h  r easonab le  sky  cove rage .  

An a l t e r n a t i v e  approach ,  which buys a major  r e d u c t i o n  i n  m i r r o r  

a r e a  r equ i r emen t s  a t  t h e  expense of  i n c r e a s e d  mechanica l  and s t r u c t u r a l  d i f -  

f i c u l t i e s ,  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  19.  The m i r r o r  i s  i n  t h e  shape  

of  a p a r t i a l  s p h e r i c a l  zone,  t h e  w i d t h  and l e n g t h  of  which a r e  e q u a l  t o  t h e  

a p e r t u r e  d i a m e t e r  and de termined  by t h e  e l e v a t i o n  a n g l e  cove rage  r e q u i r e d ,  

r e s p e c t  i v e  l y  . 
A secondary  o p t i c s  packaze s i m i l a r  t o  t h a t  d e s c r i b e d  f o r  t h e  

f i x e d  pr imary  sys tem r o t a t e s  about  a h o r i z o n t a l  ( e l e v a t i o n )  a x i s  p a s s i n g  

th rough  t h e  c e n t e r  of  c u r v a t u r e  of  t h e  pr imary.  The s t r u c t u r a l  r equ i r emen t s  

f o r  s u p p o r t i n g  t h i s  package a r e  p l a i n l y  much less. demanding t h a n  t h o s e  f o r  t h e  

f i x e d  pr imary  m i r r o r  approach,  s i n c e  t h e  unsuppor ted  span  i s  much s h o r t e r .  

The e n t i r e  i n s t r u m e n t ,  i n c l u d i n g  t h e  p r imary  m i r r o r ,  r o t a t e s  

abou t  a v e r t i c a l  (az imuth)  a x i s .  The key f e a t u r e  of  t h i s  c o n f i g u r a t i o n  i s  t h a t  

r o t a t i o n  o f  t h e  pr imary  about  a v e r t i c a l  a x i s  does  n o t  i n t r o d u c e  t h e  problem 

of  v a r y i n g  o r i e n t a t i o n s  of t h e  m i r r o r  wi th  r e s p e c t  t o  t h e  n r a v i t y  v e c t o r .  

With t h e  pr imary  m i r r o r  s i z e d  t o  g i v e  90 d e g r e e s  of e l e v a t i o n  

a n g l e  c a p a b i l i t y ,  t h e  t e l e s c o p e  p rov ides  f u l l  cove rage  o f  t h e  c e l e s t i a l  hemis- 

phere ,  w i t h  no v i g n e t t i n g  problems n e a r  t h e  h o r i z o n ,  and w i t h  no "b l ind"  

s p o t s  e x c e p t  a t  z e n i t h ,  where t h e  maximum a n g u l a r  ra te  of t h e  az imuth  d r i v e  

would b e  a l i m i t i n g  pa rame te r .  T h i s  degree  o f  cove rage  is  a n  impor t an t  f e a t u r e ,  

i f  maximum v e r s a t i l i t y  and c a p a b i l i t y  of t h e  i n s t r u m e n t  a r e  d e s i r e d ,  and 

c o n t r a s t s  s h a r p l y  w i t h  t h e  l i m i t a t i o n s  of  t h e  f i x e d  m i r r o r  concep t ,  where 

h o r i z o n  cove rage  i s  e i t h e r  a b s e n t  o r  gained a t  c o n s i d e r a b l e  a d d i t i o n a l  c o s t  

and e f f o r t .  

The m i r r o r  area r e q u i r e d  f o r  f u l l  hemispher ic  cove rage ,  e x p r e s s e d  

a s  a r a t i o  t o  a p e r t u r e  area, may b e  shown t o  be  
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T h i s  r e l a t i o n  i s  shown a s  t h e  dashed l i n e  i n  F i g u r e  10: The d i f f e r e n c e  i n  

terms o f  a r e a  r equ i r emen t s  between t h i s  approach and t h e  f i x e d  hemispher ic  

pr imary  (which does  n o t  g i v e  h o r i z o n  coverage)  i s  e v i d e n t ,  r ang ing  from 

a f a c t o r  of 6.4 a t  f /1 .0  t o  a f a c t o r  of 47 a t  f /5 .0 .  The a z i m u t h - r o t a t i n g  

t e l e s c o p e  t h u s  e n a b l e s  a major  reduct io ;  i n  t h e  c o s t  of t h e  pr imary  m i r r o r  

segments  and t h e i r  s u p p o r t  and p o s i t i o n i n g  hardware.  

The obvious  drawback, however, i s  t h e  need f o r  a r o t a t a b l e  m i r r o r  

s u p p o r t  s t r u c t u r e  o f  c o n s i d e r a b l e  p r o p o r t i o n s  and f o r  a v e r y  l a r g e  az imuth  

b e a r i n g  c a p a b l e  of s u p p o r t i n g  t h e  e n t i r e  i n s t r u m e n t .  I n  n e i t h e r  case does  

t h e r e  appea r  t o  b e  any insurmountable  t e c h n i c a l  problem, b u t  p a r t i c u l a r  

a t t e n t i o n  would have t o  be  p a i d  t o  t h e  thermal  and 'd imens iona l  s t a b i l i t y  of 

t h e  s u p p o r t  s t r u c t u r e .  It would seem h i g h l y  p robab le  t h a t  t h e  i n c r e a s e d  c o s t  

and d i f f i c u l t y  o f  a l a r g e  r o t a t i n g  s t r u c t u r e  and a n  a p p r o p r i a t e  az imuth  bea r -  

i n g  anddr ivemechan i sm a r e  outweighed by t h e  c o n s i d e r a b l e  r e d u c t i o n  i n  m i r r o r  

area and a s s o c i a t e d  mounting hardware;  by t h e  obvious  a t t r a c t i o n  of t r u e  

hemisphe r i c  sky coverage ;  by t h e  r e l a t i v e  ease of  s u p p o r t i n g  t h e  secondary  

o p t i c s  package;  and by t h e  r e l a t i v e l y  sma l l  s i z e  of  t h e  e n c l o s u r e  r e q u i r e d .  

1. T e n t a t i v e  O p t i c a l  Des ign  

The o p t  ica 1 cons  i d e r a t  i o n s  app l i c a b  le t o  t h e  azimuth-  r o  t a t  i n g  

p r imary  m i r r o r  approach  are  v i r t u a l l y  i d e n t i c a l  w i t h  t h o s e  a p p l i c a b l e  t o  t h e  

f i x e d - p r i m a r y  t e l e s c o p e .  Hence, t h e  t e n t a t i v e  o p t i c a l  d e s i g n  p r e v i o u s l y  des-  

c r i b e d  and i l l u s t r a t e d  i n  F i g u r e  15 i s  an  a p p r o p r i a t e  one i n  t h i s  i n s t a n c e  

as well .  Again,  no i n d i c a t i o n  i s  in t ended  t h a t  t h e  d e s i g n  shown i s  i n  any 

way op t imized ,  b u t  i t  may b e  cons ide red  a s  a ' d e m o n s t r a t i o n  t h a t  t h e  d e s i r e d  

c h a r a c t e r i s t i c s  can ,  i n  f a c t ,  b e  implemented w i t h  a r e a l i s t i c  o p t i c a l  system. 

2 .  T e n t a t i v e  Mechanical  Design 

F i g u r e  20 shows a p r e l i m i n a r y  impress ion  of what an azimuth- 

r o t a t i n g  t e l e s c o p e  w i t h  a 10 meter a p e r t u r e  might  look l i k e .  

As i n  t h e  f i x e d  m i r r o r  approach,  t h e  pr imary  m i r r o r  would c o n s i s t  

of a number of segments, e a c h  i n d i v i d u a l l y  suppor t ed  and a l i g n e d  with r e s p e c t  

i 
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t o  a common c e n t e r  of c u r v a t u r e .  

s t r u c t u r e  c o n f i g u r e d  as  shown, des igned  f o r  maximum r i g i d i t y  and s t a b i l i t y .  

and p r o v i d i n g  adequa te  access t o  t h e  segments and t h e  s u p p o r t  mechanisms. 

An i n t e g r a l  p a r t  o f  t h e  same s t r u c t u r e  would be a h o r i z o n t a l  beam p r o v i d i n g  

s u p p o r t  f o r  t h e  e l e v a t i o n  b e a r i n g  and f o r  t h e  r o t a t i n g  secondary  o p t i c s  

assembly.  The l a t t e r  would be  a c y l i n d r i c a l  s t r u c t u r e  v i r t u a l l y  i d e n t i c a l  

t o  t h a t  d e s c r i b e d  f o r  t h e  f ixed-pr imary  sys tem.  

The segments would b e  suppor t ed  by a s t ee l  

The e n t i r e  assembly would b e  mounted on a c i r c u l a r  p l a t f o r m  

whose p r i n c i p a l  f u n c t i o n  would b e  t o  d i s t r i b u t e  loads  t o  t h e  az imuth  b e a r i n g .  

The az imuth  b e a r i n g  p r e s e n t s  a c h a l l e n g e  i f  o n l y  because  o f  t h e  

d i a m e t e r  r e q u i r e d  (60 t o  75 f e e t  f o r  t h e  c o n f i g u r a t i o n  shown) t o  impar t  ample 

s t a b i l i t y  t o  t h e  i n s t r u m e n t .  The b e a r i n g  cou ld  c o n s i s t  o f  h y d r o s t a t i c  pads  

r i d i n g  on  a n  a c c u r a t e l y  l e v e l e d  c i r c u l a r  way. 

sma l l -d i ame te r  h y d r o s t a t i c  o r  r o l l i n g  element  b e a r i n g  c o u l d  be used t o  l o c a t e  

t h e  i n s t r u m e n t ,  w i t h  t h e  b u l k  of t h e  s t a t i c  l o a d s  c a r r i e d  by f l o a t i n g  t h e  

i n s t r u m e n t  i n  w a t e r .  In t h i s  c a s e ,  t h e  c i r c u l a r  p l a t f o r m  compr i s ing  t h e  base  

of  t h e  i n s t r u m e n t  would surmount a c i r c u l a r  o r  a n n u l a r  welded s t e e l  f l o a t  

o f  b a r g e - l i k e  c o n s t r u c t i o n .  T h i s  f l o a t  would be  immersed i n  a w a t e r  t ank  

o r  t rough  t o  a d e p t h  de te rmined  t o  d i s p l a c e m o s t  of  t h e  weight  of t h e  i n s t r u -  

ment.  No more t h a n  a few i n c h e s  of w a t e r  would be  n e c e s s a r y  between t h e  f l o a t  

and t h e  t a n k  w a l l s .  The r e s u l t  would be  a l a r g e  diameter ,  v e r y  low f r i c t i o n  

Less c o n v e n t i o n a l l y ,  a r e l a t i v e l y  

az imuth  b e a r i n g  d i s t r i b u t i n g  loads  uni formly  o v e r  a l a r g e  area b u t  b u i l d a b l e  

i n  t h e  f i e l d  t o  c r u d e  t o l e r a n c e s  and w i t h  minimal equipment .  In a d d i t i o n ,  

i t  would b e  r e l a t i v e l y  i n s e n s i t i v e  t o  d imens iona l  changes and s o i l  s t a b i l i t y  

problems.  Smal l  changes  i n  w a t e r  l e v e l  would pe rmi t  a c c u r a t e  ad jus tmen t  t o  

t h e  a c t u a l  weight  o f  t h e  in s t rumen t .  

An i n t e r e s t i n g  v a r i a t i o n  of  t h e  concep t  would he m u l t i p l e  water 

s u p p o r t s  of  t h e  s o r t  desc r ibed ,  a r r a n g e d  i n  a c o n c e n t r i c  t i e r  on t h e  s i d e s  

of  a mound o r  s m a l l  h i l l .  T h i s  approach  would e l i m i n a t e  much of t h e  mass ive  

m i r r o r - s u p p o r t  s t r u c t u r e  i n d i c a t e d  i n  F i g u r e  20. It would b e  e s s e n t i a l  t o  

m a i n t a i n  c o n s t a n t  re la t ive water l e v e l s  t o  a v o i d  bending of t h e  s t r u c t u r e ,  b u t  
f 

, 

81 



PERKIN-ELMER 

t h i s  shou ld  b e  e a s y  t o  do w i t h  cons ide ra .<  

Report  No. 8393 

2 a c c u r a c y .  

It shou ld  b e  no ted  t h a t  t he  azimuth b e a r i n g  a x i s  need n o t  pass 

t h rough  t h e  c e n t e r  o f  c u r v a t u r e  of  t h e  pr imary m i r r o r ,  b u t  shou ld ,  i n  f a c t  

p a s s  approx ima te ly  th rough  t h e  c e n t e r  of g r a v i t y  o f  t h e  complete  r o t a t i n g  

p o r t i o n  of t h e  i n s t r u m e n t .  

An e n c l o s u r e  of some kind i s  a g a i n  a v i r t u a l  n e c e s s i t y  f o r  

p h y s i c a l  p r o t e c t i o n  from t h e  e l emen t s  and f o r  p r o p e r  c o n t r o l  of t he rma l  cond i -  

t i o n s  and a i r  c i r c u l a t i o n .  F i g u r e  20 s u g g e s t s  a p o s s i b l e  c o n f i g u r a t i o n  con- 

s i s t i n g  of  a s l o t t e d  hous ing ,  which r o t a t e s  i n  synchronism w i t h  t h e  t e l e s c o p e  

b u t  i s  o t h e r w i s e  c o m p l e t e l y  independent  of  i t .  Upper and lower r o l l i n g  d o o r s ,  

r e m i n i s c e n t  of  a r o l l - t o p  desk ,  p e r m i t  opening of  t h e  d e s i r e d  p o r t i o n  O L  t h e  

o b s e r v i n g  s l o t .  

It may n o t  be  n e c e s s a r y  t o  s e p a r a t e  t h e  e n c l o s u r e  from tile 

t e l e s c o p e  mount. The main purpose i n  s e p a r a t i n g  them i s  t o  i n s u l a t e  tlie 

t e l e s c o p e  from wind l o a d s  and the rma l  i n p u t s .  The image t r a c k i n g  system will 

have a f r equency  c o n s i d e r a b l y  h i g h e r  t ban  t h e  n a t u r a l  f r equency  of  tlie mount. 

The t r a c k i n g  system w i l l  p robab ly  be c a p a b l e  o f  f i l t e r i n g  o u t  wind load and 

ti;ermal d i s t u r b a n c e s  d u r i n g  t r a c k i n g .  I t  w i l l  n o t ,  o f  c o u r s e ,  he o f  I ielp 

d u r i n z  a c q u i s i t i o n .  T h i s  area w i l l  b e  t h e  s u b j e c t  oE f u r t h e r  s t u d y .  

Rega rd le s s  o f  t h e  d e t a i l s  of t h e  e n c l o s u r e ,  t h e  f a c t  t h a t  t h e  

c o n s i d e r a t i o n s  invo lved  are  e s s e n t i a l l y  t h e  same f o r  t h e  f i x e d  pr imary m i r r o r  

and f o r  t h e  a z i m u t h - r o t a t i n g  pr imary m i r r o r  c o n c e p t s  shou ld  mean t h a t  t h e  

l a t t e r ,  w i t h  i t s  s h o r t e r  spans  and lesser area t o  be  cove red ,  would b e  s i m p l e r  

and less c o s t l y  t o  d e s i g n  and c o n s t r u c t .  

D. CONVENTIONAL TELESCOPE 

A t h i r d  p o s s i b l e  c o n f i g u r a t i o n  f o r  a g i a n t - a p e r t u r e  o p t i c a l  r e -  

c e i v e r  would he a complete  r o t a t a b l e  in s t rumen t  s imi l a r  i n  concep t  t o  conven- 

t i o n a l  a s t r o n o m i c a l  t e l e s c o p e s .  

A s  has already been noted,  a n  i n e v i t a b l e  problem w i t h  such 

scopes is the v a r y i n g  o r i e n t a t i o n  of t h e  g r a v i t y  v e c t o r  w i t h  respect to t 

p r i m a r y  m i r r o r ,  and t h e  consequent  n e c e s s i t y o f  v i r t u a l l y  e l i m i n a t i n g  gravity- 
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induced d e f l e c t i o n s .  A c l a s s i c  example of t h e  r e q u i r e d  approach  t o  t h i s  

problem is  t h e  complex 36 -po in t  coun te rwe igh t  system which s u p p o r t s  t h e  

200-inch p r i m a r y i i n  t h e  Palomar t e l e s c o p e .  A s  has a l s o  been n o t e d ,  t h e  prob- 

l e m  would b e  compounded i n  a v e r y  large a p e r t u r e  system r e q u i r i n g  a segmented 

p r imary ,  inasmuch as t h e  v i r t u a l  e l i m i n a t i o n  o f  g r a v i t y  d e f l e c t i o n s  must now 

be  ex tended  t o  a l a r g e  p o s i t i o n i n g  s t r u c t u r e  as well  as t o  t h e  segments them- 

s e l v e s .  

The re  a r e ,  however, advantages t o  t h e  approach which w a r r a n t  

c a r e f u l  c o n s i d e r a t i o n .  The most obvious i s  t h e  r e l a t i v e l y  small  g l a s s  a r e a  

needed f o r  t h e  pr imary.  The r e q u i r e d  area i s  e s s e n t i a l l y  e q u a l  t o  t h e  a p e r t u r e  

area i n s t e a d  of  5 times as g r e a t  f o r  a n  f /1 .0  a z i m u t h - r o t a t i n g  system o r  32 t imes 

as g r e a t  f o r  a n  f / 1 . 0  h e m i s p h e r i c a l  r e f l e c t o r .  I t  i s  p l a i n  t h a t  e l i m i n a t i o n  

of  t h a t  much g l a s s  c o u l d  pay f o r  a l o t  o f  c o u n t e m e i g h t s  and s o p h i s t i c a t e d  

s t ruc  t u r e  

A second a t t r a c t i v e  f e a t u r e  of a c o n v e n t i o n a l  t e l e s c o p e  i s  t h e  

freedom t o  make t h e  pr imary m i r r o r  a p a r a b o l o i d  o r  o t h e r  a s p h e r i c :  t h u s  avoic 

t h e  o p t i c a l l y  awkward problem of  c o r r e c t i n g  t h e  s e v e r e  s p h e r i c a l  a b e r r a t i o n s  

i n h e r e n t  i n  t h e  use  o f  a s p h e r i c a l  pr imary.  

i ng 

A t  t h i s  s t a g e  of  t h e  program, s u b s t a n t i a l  e f f o r t  h a s  n o t  been 

devo ted  t o  c o n s i d e r i n g  t h e  mechan ica l  d e t a i l s  of a g i a n t  a p e r t u r e  t e l e s c o p e  of  

c o n v e n t i o n a l  c o n f i g u r a t i o n ,  s i n c e  e x i s t i n g  e x p e r i e n c e  w i t h  l a r g e  a s t r o n o m i c a l  

i n s t r u m e n t s  p r o v i d e s  ample background f o r  p r e l i m i n a r y  e v a l u a t i o n  o f  t h e  c o n c e p t .  

It s h o u l d  b e  a p p a r e n t ,  however, t h a t  a p e r t u r e  d i a m e t e r s  on the o r d e r  of  10 m e t e r s  

l e a d  i n e s c a p a b l y  t o  i n s t r u m e n t s o f  mammoth p r o p o r t i o n s .  A s  a f i r s t  e s t i m a t e ,  

a 10 meter t e l e s c o p e  o f  c o n v e n t i o n a l  d e s i g n  would co r re spond  t o  a 2 : l  s c a l i n g  

o f  t h e  200-inch Palomar i n s t a l l a t i o n .  
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SECTION V I  

TELESCOPE CONFIGURATIONS FOR COHERENT DETECTION 

A. GENERAL 

A v e r y  d i f f e r e n t  approach from i n t e n s i t y  d e t e c t i o n  i s  o p t i c a l  

he t e rodyn ing  o r  cohe ren t  d e t e c t i o n .  

This t echn ique  makes use  of l o c a l  o s c i l l a t o r  whose o u t p u t  o p t i c a l  

wavef ront  i s  combined w i t h  t h e  incoming s i g n a l  wavef ront  t o  produce, by b e a t i n g ,  

a n  i n t e r m e d i a t e  f requency ,  which i s  d e t e c t e d  and conve r t ed  t o  an  e l e c t r i c a l  

s i g n a l .  Because of t h e  requi rement  t h a t  t h e  wavef ron t s  i n t e r f e r e  ove r  sub-  

s t a n t i a l l y  a l l  of t h e i r  a r e a s  s imul taneous ly ,  a s t r i n g e n t  requi rement  p u t  on 

t h e  e n t i r e  r e c e i v e r  o p t i c a l  system, i n c l u d i n g  t h e  atmosphere through which t h e  

s i g n a l  pas ses ,  i s  t h a t  i t  d i s t o r t  t h e  geometry of t h e  wavef ron t s  a s  l i t t l e  a s  

p o s s i b l e .  

Excep t  f o r  s e l e c t i n g  t h e  b e s t  obse rv ing  s i tes ,  e l e v a t i n g  t h e  tele- 

scope  above t h e  su r round ing  t e r r a i n ,  and p r o v i d i n g  s u i t a b l e  ground cover  a t  t h e  

site, t h e r e  i s  l i t t l e  we can do t o  improve t h e  wavefront  d i s t u r b i n g  p r o p e r t i e s  

of the atmosphere.  

s o u r c e  of wavefront  d e g r a d a t i o n  by having t h e  rest  of t h e  o p t i c a l  s y s t e m  of 

good enough q u a l i t y  t o  be  e s s e n t i a l l y  d i f f r a c t i o n  l i m i t e d ,  

In view of this ,  the  atmosphere shou ld  b e  made the  l i m i t i n g  

Bo FIGUKE ACCURACY 

An e s t i m a t e  of t h e  f i g u r e  t o l e r a n c e s  r e q u i r e d  t o  ach ieve  t h i s  may * 
be  o b t a i n e d  by app ly ing  a n  e q u a t i o n  of Hufnagel  and S t a n l e y  . 
p e r f e c t  sys t ems :  

For nea r  

R.E. Huf nagel and N O R .  S t a n l e y ,  Image T r a n s m i a s i o n  Through Turbu len t  Media, 
JOSA 94., 52, 1964. 
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where 

h. = Wavelength of t h e  l i g h t  
2 = Mean squa re  d e v i a t i o n  of t h e  wavefront  (h) 

M(K) = E f f e c t i v e  t r a n s f e r  f u n c t i o n  of t h e  d e v i a t i o n s  

The t r a n s f e r  f u n c t i p n  of a p e r f e c t  system must b e  m u l t i p l i e d  by M(K) t o  o b t a i n  

t h e  most l i k e l y  t r a n s f e r  f u n c t i o n  f o r  the  imper fec t  system. 

I f  w e  set a s  a n  o b j e c t i v e  a t r a n s f e r  f u n c t i o n  of 0.95 f o r  each  

e lement  of t h e  system, we f i n d  t h a t  t h e  mean s q u a r e  wavefront  d e v i a t i o n  mus t  

n o t  exceed 

= 0.036 waves 

A m i r r o r  s u r f a c e  hav ing  a r o o t  mean s q u a r e  d e v i a t i o n  o f  0.018 o r  

1 /55  wave w i l l  c ause  t h i s  wavefront  d e v i a t i o n .  For  a 1 0 . 6 ~  cohe ren t  s y s t e m  

w e  r e q u i r e  an  RMS f i g u r e  e r r o r  n o t  exceeding  1/55?, a t  10.6~ o r ,  s t a t e d  i n  t h e  
0 

more f a m i l i a r  te rms  of waves of v i s i b l e  l i g h t  (546l.A) 1/55 X 10.6 1/3h.  0.5461 * 

An RMS f i g u r e  accuracy  of 113 wave would be v e r y  easy  t o  o b t a i n ,  o r  

even  exceed, on a l l  e l emen t s  excep t  t he  pr imary m i r r o r .  

somewhat more d i f f i c u l t  problem f o r  m i r r o r s  of 3-4 meter d iameter ,  b u t - i s  w e l l  

w i t h i n  t h e  p r e s e n t  s t a t e  of t h e  a r t .  

This would pre 'sent  a 

I f  w e  c o n s i d e r  a cohe ren t  system o p e r a t i n g  a t  4p we s t i l l  have t h e  

Converted t o  the more f a m i l i a r  v i s i b l e  l i g h t  r equ i r emen t  f o r  1 /50  wave a t  4 p 0  

wavelength  w e  r e q u i r e  118 wave. Th i s  a g a i n  p r e s e n t s  no problem f o r  t h e  s m a l l e r  

e l emen t s  and, because  t h e  l a r g e s t  coherent  a p e r t u r e  t h a t  would be used p robab ly  

would n o t  exceed 2 m e t e r s ,  i s  p e r f e c t l y  r easonab le  f o r  t h e  pr imary.  

We can  conclude  t h a t  the f i g u r e  accuracy  a t t a i n a b l e  on t h e  o p t i c a l  

e l e m e n t s  a t  r e a s o n a b l e  c o s t  p r e s e n t s  no l i m i t a t i o n  t o  t h e  cohe ren t  system. 
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C. CONFIGURATION 

I 

What would t h e  c h a r a c t e r i s t i c s  of t h e  t e l e s c o p e  of  a l a r g e  c o h e r e n t  

system be?  It would be  v e r y  s i m i l a r  t o  a modern a s t r o n o m i c a l  t e l e s c o p e  of 

s i m i l a r  a p e r t u r e .  There appea r s  t o  be  no fundamental  r e a s o n  why a n  a s t r o n o m i c a l  

t e l e s c o p e  of s u i t a b l e  a p e r t u r e  cou ld  no t  be used a s  t h e  r e c e i v e r  f o r  a cohe ren t  

space  communication system, o r  why, i f  s e p a r a t e  t e l e s c o p e s  were c o n s t r u c t e d  f o r  

t i l t?  c m u n i c a t i o n  program, they  c o u l d  not  be  used f o r  a s t r o n o m i c a l  work while 

n o t  engaged i n  t h e i r  p r ime  a c t i v i t y .  The o p t i c a l  p r e c i s i o n  r e q u i r e d  i s  com- 

mensura te  w i t h  t h a t  f o m d  i n  modern a s t ronomica l  p r a c t i c e .  The mechanica l  

d r i v e  p r e c i s i o n  r e q u i r e d  i s  a l s o  s i m i l a r  t o  t h a t  r e q u i r e d  f o r  l a r g e  a s t ronomica l  

t e l e s c o p e s ,  a l though  most of t h e s e  in s t rumen t s  l a c k  t h e  r eadou t  equipment and 

and s t r u c t u r a l  s t i f f n e s s  n e c e s s a r y  t o  p o i n t  t o  a prede termined  a r e a  of t h e  sky 

w i t h i n  a few a r c  seconds.  This does not  p r e s e n t  a problem f o r  t h e  as t ronomer ,  

s i n c e  he  h a s  v a s t  numbers of s t a r s  of known l o c a t i o n  t o  u s e  a s  a r e f e r e n c e .  

A wider  f i e l d  3f view w i l l  be used d u r i n g  a c q u i s i t i o n  t o  minimize 

t h e  a b s o l u t e  p o i n t i n g  accuracy  r e q u i r e d  of t h e  t e l e s c o p e .  The f i e l d  w i l l  b e  

reduced d u r i n g  t r a c k i n g  t o  reduce  t h e  n o i s e  r e c e i v e d  from t h e  background. 

The cohe ren t  r e c e i v e r  w i l l  i n c l u d e  p r o v i s i o n  f o r  a c t i v e  t r a c k i n g  

of t h e  t a r g e t ,  which w i l l  i n c r e a s e  t h e  e f f e c t i v e  cohe ren t  a p e r t u r e  d i ame te r  by 

r e d u c i n g  t h e  e f f e c t s  of v a r y i n g  wavefront  t i l t  and w i l l  r educe  t h e  p r e c i s i o n  . 
r e q u i r e d  of the main t r a c k i n g  system. 

I n  t h e  c a s e  of an  e q u a t o r i a l  mounting, t h e  c o u r s e  t r a c k i n g  and 

p o i n t i n g  would be provided  by t h e  u s u a l  t e l e s c o p e  d r ives ,  w h i l e  f i n e  t r a c k i n g  

would b e  o b t a i n e d  by t h e  u s e  of a t r a n s f e r  l e n s  o r  m i r r o r  which would t r a c k  

t h e  image w i t h  h igh  p r e c i s i o n .  The t r a n s f e r  l e n s  s e r v o  w i l l  have a f requency  

r e s p o n s e  of about  2 0 k p s .  We e s t i m a t e  t h a t  t h i s  i s  h i g h  enough t o  e l i m i n a t e  

most of  t h e  e f f e c t  of v a r y i n g  wavefront  tilt and a l s o  t h e  e f f e c t s  of t e l e s c o p e  

d e f l e c t i o n s ,  d r i v e  e r r o r s ,  a n g u l a r  ra tes  d i f f e r e n t  from e a r t h  r a t e ,  and v a r i -  

a t i o n  of t h e  r e f r a c t i o n  ang le  du r ing  t h e  t r a c k i n g  pe r iod .  

It i s  p o s s i b l e  t h a t  an  a l t - az imuth  c o n f i g u r a t i o n  may be more ad- 

v a n t a g e o u s  t h a n  a n  e q u a t o r i a l  mount. I n  t h i s  e v e n t ,  p o s i t i o n  signals taken 
from the t r a n s f e r  l e n s  would be  used as t r a c k i n g  inputs t o  the m i r r o r  drives. 
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The t r a c k i n g  and d e t e c t i o n  o p t i c s  cou ld  p robab ly  be l o c a t e d  a t  

e i t h e r  t h e  Casseg ra in  o r  Coude' focus  of t h e  in s t rumen t ,  a l t hough  t h i s  d e c i s i o n  

would depend on  t h e  c h a r a c t e r i s t i c s  of t h e  p a r t i c u l a r  t e l e s c o p e  and on t h e  pa ra -  

meters of t h e  t r a c k i n g  and d e t e c t i o n  system. 

We have no t  s t u d i e d  t h e  cohe ren t  t e l e s c o p e  c o n f i g u r a t i n n  i n  g r e a t  

d e t a i l  d u r i n g  t h e  f i r s t  phase of t h i s  s tudy ,  because  t h e r e  do no t  appea r  t o  

b e  any problem a r e a s  t h a t  cannot  be  so lved  by t h e  o r d i n a r y  e n g i n e e r i n g  t e c h -  

n iques .  Th i s  i s  not  t o  say  t h a t  i t  i s  a s i m p l e  p r o j e c t ,  b u t  r a t h e r ,  t h a t  w e  

feel t h a t  such a t e l e s c o p e  i s  comple te ly  f e a s i b l e  and t h a t  most of t h e  l i k e l y  

problems have a l r e a d y  been so lved  du r ing  t h e  d e s i g n  of some of t h e  more modern 

a s t r o n o m i c a l  t e l e s c o p e s .  

I .  

. 
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SECTION V I 1  

CONCLUSIONS AND FECOMNENDATIONS 

We f e e l  t h a t  e i t h e r  i n c o h e r e n t  ground r e c e i v e r s  w i t h  a p e r t u r e s  

on t h e  o r d e r  o f  t e n  m e t e r s  or 1 0 . 6 ~  r e g i o n  c o h e r e n t  r e c e i v e r s  w i t h  a p e r t u r e s  

on t h e  o r d e r  o f  f o u r  meters a r e  f e a s i b l e .  

The communications a s p e c t s  d i s c u s s e d  i n  S e c t i o n  I1 i n d i c a t e  t h a t  

a 10.6~ c o h e r e n t  system h a s  s e v e r a l  advan tages  o v e r  the s h o r t  wavelength i n -  

c o h e r e n t  sys t ems .  The cohe rence  d i a m e t e r  c a l c u l a t i o n s  of S e c t i o n  111 i n d i c a t e  

t h a t  c o h e r e n t  a p e r t u r e s  o f  a lmost  f o u r  meters a r e  u s a b l e  day o r  n ig l r t .  The 

dayt ime c a l c u l a t i o n s  o f  S e c t i o n  I1 a r e  based on a c o n s e r v a t i v e  2 meter a p e r t u r e .  

I f  i n d e e d ,  f o u r  meters c a n  be e f f i c i e n t l y  used i n  t h e  day t ime .  t h e  r e q u i r e d  

laser  power o u t p u t s  would b e  s u b s t a n t i a l l y  reduced.  The r e q u i r e d  v e h i c l e  

p o i n t i n g  a c c u r a c y  would be  s u b s t a n t i a l l y  e a s i e r  t o  a t t a i n  u s i n g  1 0 . 6 ~  r a d i a -  

t i o n .  We mus t ,  i n  rnaLing t h i s  d e c i s i o n ,  c o n s i d e r  the f a c t  t h a t  no  1 0 . 6 ~  

modu la to r  now e x i s t s  and t h a t  f u r t h e r  development i s  r e q u i r e d  i n  d e t e c t o r  

t echno logy  and i n  laser t echno logy .  The cohe rence  d i a m e t e r  c a l c u l a t i o n s  have 

areas o f  u n c e r t a i n t y  and shou ld  be  backed up 1 ~ y  measurements i n  t h e  f i e l d .  

We f e e l  t h a t  f o r  t h e  i n c o h e r e n t  10 me te r  a p e r t u r e  r e c e i v e r  c a s e  

t h e  az imuth  r o t a t i n g  system shown i n  F i g u r e  20 i s  t h e  more f r u i t f u l  system 

f o r  r ' u r t h e r  s t u d y .  Although t h e  l a r g e  azimuth b e a r i n g  is a fo rmidab le  problem 

i n  terms of s i z e  and c o s t  it i s ,  i n  o u r  o p i n i o n ,  more t h a n  ba lanced  by  t h e  

s u b s t a n t i a l  r e d u c t i o n  i n  glass area; t h e  smaller and less complex s u p p o r t  and 

d r i v e s  f o r  the secondary o p t i c s ;  t h e  ease w i t h  which p r o t e c t i o n  from wearher, 

85 



PERKIN-ELM ER Report  No. 8393 

d i r t ,  and d i r e c t  s o l a r  r a d i a t i o n  c a n  be p rov ided ;  and s t r a i g h t f o r w a r d  manner 

i n  which hemisphe r i c  cove rage  i s  ach ieved .  The i n c o h e r e n t  sys t em,  because  o f  

i t s  l a r g e  a p e r t u r e ,  i s  p robab ly  o f  more i n t e r e s t  t o  a s t ronomers  f o r  s c i e n t i f i c  

u se  when t h e  r e c e i v e r  is  n o t  b e i n g  used f o r  i t s  main pu rpose  a s  a space commun- 

i ca t  i o n s  r e c e i v e r  . 

We wish t o  recommend s e v e r a l  areas f o r  s t u d y  o u t s i d e  t h e  scope 

of  t h i s  program. The f i r s t  of t h e s e  i s  d i r e c t e d  t o  s h o r t  wavelength i n c o h e r e n t  

systems and t h e  o t h e r  t h r e e  are of  importance t o  1 C . 6 , ~  c o h e r e n t  sys t ems .  These 

a r e  : 

1. I n v e s t i g a t i o n  of u l t r a - n a r r o w  bandpass  p r e d e t e c t i o n  o p t i c a l  

f i l t e r s ,  w i t h  emphasis on t r a n s m i t t a n c e .  bandpass ,  t h e r m a l  and p o l a r i z a t i o n  

s e n s i t i v i t y .  The o p t i c a l  p r e d e t e c t i o n  f i l t e r  p r e c e d i n g  t h e  PCM/PL d e t e c t o r  

i.n t h e  E a r t h - b a s e d  r e c e i v e r  shou ld  i d e a l l y  have a bandwidth e q u a l  t o  t h e  

s i g n a l  bandwidth.  However, t h e  na r rowes t  o p t i c a l  f i l t e r s  have a bandwidth 

which i s  many o r d e r s  of magnitude l a r g e r  t h a n  t h e  s i z n a l  bandwidth.  Ul t ra -  

narrow Lyot o p t i c a l  f i l t e r s  ( l e s s  t h a n  1A bandpass)  may b e  c o n s t r u c t e d ,  b u t  
0 

t h e  t r a n s m i s s i o n  i s  q u i t e  low, approx ima te ly  13%. S i n c e  t h e  l i g h t  i n p u t  t o  

t h e  Lyot f i l t e r  must have a s i n g l e  p o l a r i z a t i o n ,  t h e  PCM/PL r e c e i v e r  i s  r e -  

q u i r e d  t o  have two f i l t e r s  f o r  t h e  two o r t h o g o n a l  p o l a r i z a t i o n s .  These f i l t e r s  

are  a l s o  s e n s i t i v e  t o  small  t empera tu re  changes .  

R e c e n t l y ,  f i l t e r s  have been deve loped  which a r e  b a s i c a l l y  a Fabry-  

P e r o t  c a v i t y  i n  se r ies  w i t h  a m u l t i l a y e r  f i l t e r  t o  s u p p r e s s  t h e  unwanted modes 

o f  t h e  c a v i t y .  These f i l t e r s  have a bandwidth l a r g e r  t h a n  t h e  Lyot,  b u t  t h e  

increased t e m p e r a t u r e  t o l e r a n c e  and t r a n s m i t t a n c e  of t h e  Fabry-Perot  f i l t e r  
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makes them c o m p e t i t i v e  w i t h  t h e  Lyot f i l t e r .  

We n o t e  from t h e  d a t a  l i n k  c a l c u l a t i o n s  t h a t  t h e  PCM/PL system 

w i l l  b e  l i m i t e d  by background n o i s e  d u r i n g  day o p e r a t i o n .  T h i s  n o i s e  s o u r c e  

i s  reduced by i n s e r t i n g  a n  u l t r a - n a r r o w  bandpass  o p t i c a l  r ' i l t e r  b e f o r e  t h e  

d e t e c t o r .  F o r  n i g h t t i m e  communications a g a i n s t  a s t a r  f i e l d  background, i t  is  

p o s s i b l e  t o  widen t h e  p r e d e t e c t i o n  f i l t e r  bandpass  and o b t a i n  Zreater t r a n s -  

m i t t a n c e  by u s e  of  t h e  Fabry -Pe ro t  t ype  f i l t e r s  o r  m u l t i l a y e r  f i l t e r s .  However, 

i f  n i g h t t i m e  communications w i t h  a p l a n e t a r y  bac1;ground (Mars) i s  considered, ,  

t hen  i t  a p p e a r s  t h a t  a n  u l t r a - n a r r o w  f i l t e r  must be used .  

2 .  I f  c a r b o n  d i o x i d e  lasers a r e  t o  be  employed s u c c e s s f u l l y  i n  

deep-space communications sys t ems .  it w i l l  be  impor t an t  t o  deve lop  new d e t e c t o r  

and modu la to r  components s p e c i f i c a l l y  adapted t o  t h i s  wavelength r e g i o n  and t o  

t h e  p r o p e r t i e s  of  C O  lasers .  The re  i s  a d e f i n i t e  need f o r  d e t e c t o r s  t h a t  

r e a c h  the t h e o r e t i c a l  l i m i t  o f  s e n s i t i v i t y ,  p e r m i t t i n g  "photon c o u n t i n g "  w i t h  

bandwidths  i n  t h e  t e n s  of megacycles p e r  second o r  g r e a t e r .  A t  t h e  p r e s e n t ,  

d e t e c t o r s  s e n s i t i v e  a t  10.611 do n o t  meet t h e s e  r e q u i r e m e n t s .  However. it i s  

b e l i e v e d  t h a t  tliis p r e s e n t  lacl- i s  n o t  based on fundamental  p h y s i c a l  d i f f i c u l t i e s .  

Moreover ,  it a p p e a r s  t o  lie caused  !,y the  f a c t  t h a t  u n t i l  v e r y  r e c e n t l y ,  t h e r e  

c o u l d  have been no c o n c e i v a b l e  need f o r  s e n s i t i v e  broadband d e t e c t o r s  i n  t h i s  

f r equency  r e g i o n .  I n  a system where t h e  use of  l i q u i d  hel ium c o o l e d  d e t e c t o r s  

is  f e a s i b l e ,  it w i l l  be p o s s i b l e  t o  r each  the photon s h o t  n o i s e  l i m i t  a t  1 0 . 6 ~ .  

T h i s  w i l l  r e q u i r e  t h a t  t h e  d e t e c t o r  be s u i t a b l y  s h i e l d e d  from exchanging r a d i a -  

t i o n  w i t h  i t s  environment  excep t  through t h e  s o l i d  a n g l e  and tlie wavelength 

passband through which t h e  s ignal  must come. This means o p e r a t i o n  of tlie 

d e t e c t o r  i n  a c o o l e d  r e f l e c t i n g  s h i e l d ,  using a c o o l e d  narrow passband f i l t e r  

over t h e  s i g n a l  a p e r t u r e  

2 
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S tudy  o f  t h e  p u b l i s h e d  s e n s i t i v i t i e s  of d e t e c t o r s  f o r  t h e  l o p  

r e g i o n  show t h a t  s i g n a l  t o  n o i s e  d a t a  r e p o r t e d  i s  n o t  t a k e n  w h i l e  t h e  d e t e c t o r  

is  s h i e l d e d  as  d e s c r i b e d .  Noise l e v e l s  r e p o r t e d  f o r  d e t e c t o r s  i n  t h e  1011 r e g i o n  

are  g e n e r a l l y  t a k e n  i n  t es t  s e t u p s  where t h e  d e t e c t o r  exchanges r a d i a t i o n  w i t h  

a f i e l d  a t  room t e m p e r a t u r e  th rough  a broad bandwidth.  It is  sugges t ed  t h a t  

d e t e c t o r  expe r imen t s  be made i n  t e s t  s e t u p s  t h a t  are  compa t ib l e  w i t h  t h e  i n -  

tended use.  

It i s  a l s o  t r u e  t h a t  t h e  s t r u c t u r e s  now a v a i l a b l e  i n  coo led  s o l i d  

s t a t e  d e t e c t o r s  f o r  t h i s  wavelength r e g i o n  have n o t  been s p e c i f i c a l l y  eng inee red  

t o  have v e r y  broad bandwidths .  Again,  u n t i l  v e r y  r e c e n t l y  i t  vTould have been 

a lmos t  i m p o s s i b l e  t o  even t e s t  the f r equency  r e sponse  of  a d e t e c t o r  i n  the 

50-100 megacycle f r equency  r e g i o n  u s i n g  10.611 i l l u m i n a t i o n .  I t  a p p e a r s  v e r y  

d e f i n i t e l y  t h a t  some e x p e r i m e n t a l  and t l i e o r e t i c a l  work i s  n e c e s s a r y  t o  re- 

measure and r e - i n t e r p r e t  t h e  performance a v a i l a b l e  from c o o l e d  s o l i d  s t a t e  

d e t e c t o r s  and e x p r e s s  it i n  a form s u i t a b l e  f o r  use i n  p l a n n i n g  an i n f r a r e d  

laser  communication system. It is  c l e a r l y  n e c e s s a r y  t o  r e c o n f i g u r e ,  r e b u i  I d ,  

and e v a l u a t e  d e t e c t o r s  working on e x i s t i n g  p r i n c i p l e s ,  t o  de t e rmine  a t  f i r s t  

hand t h e  performance t h a t  c a n  be reached i n  d e t e c t o r s  des igned  f o r  t h i s  wave- 

l e n z t h  band .  

3 .  An i n v e s t i g a t i o n  i s  r e q u i r e d  t o  s o l v e  , t he  problem o f  o p e r a t i o n  

o f  a s o l i d  s t a t e  d e t e c t o r  when i l l u m i n a t e d  by s t r o n g  l o c a l  o s c i l l a t o r  s i g n a l .  

The impedance l e v e l  o f  t h e  d e t e c t o r  when i l l u m i n a t e d  w i t h  a l a s e r  l o c a l  o s c i l l a t o r  

i s  s o  d i f f e r e n t  from i t s  d a r k  impedance t h a t  t h e  e n t i r e  d e t e c t i o n  system must 

b e  d e s i g n e d  t o  accommodate t h i s  impedance change.  

t 
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4 .  It i s  appa ren t  t h a t  t h e o r e t i c a l  p r e d i c t i o n s  of t h e  l a t e r a l  

coherence  d i ame te r  f o r  bo th  day and n i g h t  o p e r a t i o n  a t  s e l e c t e d  s i t e s  m u s t  

be e x p e r i m e n t a l l y  v e r i f i e d .  The r e s u l t  would be an expe r imen ta l  v e r i f i c a t i o n  

of t h e  v a l i d i t y  o f ’ e x t e n s i o n  of p ropaga t ion  theo ry  t o  t h e  lop r eg ion .  To 

check t h e  t h e o r e t i c a l  p r e d i c t i o n s ,  i t  is  n e c e s s a r y  t o  p l a n  and e x e c u t e  an  ex-  

per iment  u s i n g  i n t e r f e r o m e t r i c  t echn iques  t o  measure l a t e r a l  coherence  d i ame te r  

d u r i n g  day and n i g h t  a t  s e l e c t e d  s i tes  under d i f f e r e n t  m e t e o r o l o g i c a l  c o n d i t i o n s .  

5. A s u i t a b l e  modula tor  f o r  t h e  1 0 . 6 ~  r e g i o n  i s  no t  now a v a i l a b l e .  

This i s  of cour se  a c r i t i c a l  component f o r  a cohe ren t  system and should  be t h e  

s u b j e c t  of a development program. Zinc s u l p h i d e  i s  a c a n d i d a t e  e l e c t r o - o p t i c a l  

m a t e r i a l  which i s  t r a n s p a r e n t  a t  10~. A magneto-opt ic  m a t e r i a l ,  which i s  a l s o  

a c a n d i d a t e  m a t e r i a l ,  i s  i r o n  s u b s t i t u t e d  g a r n e t .  

We have, i n  t h i s  f i r s t  phase of t h e  s tudy ,  p o i n t e d  o u t  t h e  t r a d e -  

o f f  t h a t  a r e  c o n s i d e r e d  t o  be impor tan t  t o  t h e  s e l e c t i o n  of ground r e c e i v e r s  

f o r  deep-space o p t i c a l  communication s y s t e m s .  

We a r e  look ing  forward  t o  d i r e c t i o n  from t h e  Jet  P r o p u l s i o n  Lab- 

o r a t o r y  i n  d e f i n i n g  t h e  ground receiver systems t o  be s t u d i e d  i n  more d e t a i l  

i n  t h e  second phase  of t h i s  program. 
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